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PREFACE

The National Earthquake Prediction Evaluation Council (NEPEC) was
established in 1979 pursuant to the Earthquake Hazards Reduction Act of
1977 to advise the Director of the U.S. Geological Survey (USGS) in issuing
any formal predictions or other information pertinent to the potential for
the occurrence of a significant earthquake. It is the Director of the USGS
who is responsible for the decision whether and when to issue such a
prediction or information.

NEPEC, also referred to in this document as the Council, according to its
charter is comprised of a Chairman, Vice Chairman, and from 8 to 12 other
members appointed by the Director of the USGS. The Chairman shall not be a
USGS employee, and at least one-half of the membership shall be other than
USGS employees.

The USGS recently has begun to publish the minutes of NEPEC meetings. This
open-file report is the second in an anticipated series of routinely
published proceedings of the Council.
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REVIEN OF SAN ANDREAS AND SAN JACINTO FAULTS, SOUTHERN CALIFORNIA

Chairman Sykes opened the meeting with a brief summary of the last meeting
and outlined the agenda for the present meeting. He noted that at the
November 1984 meeting the Council agreed to periodically review several
particularly important earthquake-prone areas in the United States, and
that this meeting was to be devoted to the San Andreas and San Jacinto
faults in southern California. DOr. Sykes emphasized that in selecting
these two faults the Council fully recognizes that there are significant
earthquake risks in other areas in southern California. Some of these
areas may be discussed in future Council meetings. Also, at the previous
meeting the Council endorsed the results of research indicating a high
probability of a magnitude 6 earthquake near Parkfield, California, between
1985-1993. An update of that discussion was presented later in the
meeting. Additionally, this meeting will include discussion of
probabilistic statements made for various segments of the San Andreas and
San Jacinto faults and consider revision of hazard statements for southern
California made by the USGS.



Thatcher summarized the Southern California Special Study Areas Workshop
held by the USGS in San Diego, California, from February 28 to March 2,
1985. The workshop's goal was to identify and reach consensus on specific
30-km long segments of the southern San Andreas and San Jacinto fault zones
appropriate for detailed earthquake prediction studies using clustered
monitoring equipment. The workshop was an adjunct to a Department of the
Interior request to the USGS for a proposal to develop a prototype
earthquake prediction network in southern California. The proposal was
discussed in more detail at the last NEPEC meeting. At the San Diego
workshop there was overall unanimity on the need to focus efforts in
selected regions of southern California; with or without additional funds.
It was generally accepted that the Parkfield prediction experiment is the
prototype or model for future experiments in southern California, however,
it was noted strongly that one can't treat all areas in exactly the manner
of the Parkfield experiment. Instead it was clearly articulated at the
workshop that there is the need for expanded regional coverage outside the
special study zone. Further, for some areas in southern California there
is the need for preliminary site investigations that may span several years
just to decide what particular 30-km. segments to study in detail. In
addition, in order to fulfill the goals of the prediction network it may be
necessary to sustain and improve the regional seismic and geodetic
coverage. Although opinion differed on which areas are the best for
inclusion in the network, the following areas were repeatedly mentioned:
the Anza slip gap on the San Jacinto fault, the southernmost end of the San
Andreas fault near the Salton Sea, and the complex junction zone of the San
Andreas and San Jacinto faults near Cajon Pass.

Comparison of Various Probability Estimates

Al Lindh presented a figure showing probability estimates for southern
California that he produced some time ago and a figure of more detailed
southern California conditional probability estimates more recently
produced by Sykes and Nishenko. Lindh is now less confident than when he
started that there is adequate information for some of the shorter segments
and that using a time dependent probabilistic formulation is appropriate.
He divided probabilistic estimates for southern California into two groups
- first, a Mojave segment and a Carrizo segment, where probability
estimates have some significance and second, all other segments, where the
probability estimates are of lesser significance because the recurrence
interval estimates are conjectural. He suggested that sometimes increased
information on a segment leads to an increase in the range of estimated
probabilities and thus an apparent increase in the associated
uncertainties. And, he opined that varying the length of the probability
distribution would be preferable to quoting ranges of probabilities. He
cautioned against the extrapolation of the Parkfield methodology for
estimating probability to other areas for the purposes of selecting sites
for clustered monitoring experiments because of both the limits of the
statistics and the lack of adequate geological and geophysical
investigations. Sykes questioned whether the data are of too poor a
quality for numerical estimates. He stated that they generally are
sufficient to rank areas in the following three categories - high, medium,
and low risk - for the next 10 to 50 years. Such estimates would have
social utility. Aki suggested that the approach discussed is a



quantitative estimate of the intuition and uncertainties of experts, with
the implication that this does have some public utility. Wesson stated
that if we are going to do clustered monitoring we must start focusing on
certain areas into which we can cast and test our hypotheses.

Deformation along the Transform Boundary, California

L. Seeber presented evidence for block rotation as the pattern of _
deformation from small earthquakes along the transform boundary. He then
discussed how this work led to new ideas or approaches to understanding the
dynamics of generating large earthquakes. The major through-going faults
in the right-lateral transform system of California clearly can be
identified from their structural expression and as the locus of the major
earthquake ruptures. The lack of direct correlation between these faults
and current seismicity has long been noticed. In some areas, notably along
the Transverse Ranges, current seismicity is obvously occurring on
secondary faults. Thus, low-magnitude “background" seismicity during the
interseismic periods cannot be a reliable indicator of the major faults.
However, this seismicity may reveal the detailed pattern of deformation as
it evolves in space and time before a major earthquake. Arrival-time data
was inverted for local velocity structure and for accurate hypocenters.
Earthquakes were then grouped according to their first-motion data.
Composite fault-plane solutions were considered acceptable when one of the
planes in the solution coincided with the plane or planes defined by the
spatial distribution of hypocenters in that solution. The investigators
then interpreted these in light of other structural and deformation data.
Much of the seismicity is not on the main strands; a lot of the seismicity,
however, is on left-lateral northeast striking subsidiary faults. In some
cases these faults are related to a system of rotating blocks which may
explain the long-term geologic deformation and play a part in the long-term
nucleation of large earthquakes.

Depth of Seismicity and its Relation to Heat Flow and Large Earthquake
Potential

Hiroo Kanamori described research of earthquakes in southern California
conducted to see whether there is any pattern of stress release and also to
make some predictions on the location of possible future earthquakes in the
region. He stressed that relocation of earthquakes can be very important,
especially in the Imperial Valley where the sediment cover is very thick.
Hiroo described the study by Dianne Roser and himself of the Imperial
Valley earthquake of 1979. One of the most interesting results is that
most of the pre-seismic activity occurred near, but not in, the zone of
pre-sesimic activity, and again.in the aftershock sequence the seismic
activity occurred in the zone of pre-seismic activity. So, in a sense the
slip zone slipped only at the time of the main shock. He then described
other researchers' work which argues that in the places where co-seismic
displacement is very large there were few aftershocks. In describing the
San Jacinto fault zone, he noted that there is a linear distribution of
earthquakes near the bottom of the seismogenic zone which changes in depth
along strike, becoming shallower nearer the Imperial Valley region of high
heat flow. Also, seismicity is concentrated in the bottom of the
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seismogenic zone. And, along strike clusters of activity are separated by
relatively quiet segments, the quietest of which, except for the Anza
seismic gap, are coincident with the rupture zones of the largest historic
earthquakes. These observations indicate that the maximum depth of the
seismogenic zone can vary by a factor of two, which may affect the repeat
time of large earthquakes along different fault segments and also the
observability of strain related phenomena at the surface before large
earthquakes. That most seismicity occurs at the base of the seismogenic
zone implies that seismological precursors to future large earthquakes
might be found near the base of the brittle fault zone. It was also noted
that heatflow and temperature seem to be controlling the thickness and
crustal properties of the seismogenic zone and perhaps also the size of the
earthquakes and the average repeat time. Since seismicity patterns alone
do not permit short-time prediction, it is important to begin looking at
the bottom of the seismogenic zone. Events near the bottom of the
seismogenic zone may be different from events at shallow depth, at least
suggesting that properties change as a function of depth and time.

Transpression and Earthquake Prediction, Coachella Valley, Southern
California

Roger Bilham described recent work on relationships between a seismic
deformation and geometry of the San Andreas fault in the Coachella Valley.
Seismicity in the valley is almost absent, and what does exist isn't
occurring on the San Andreas fault. His investigations lead to a number of
geometric properties that may be very important for locating crustal
deformation monitoring instruments and long-term geodetic arrays. The
mapped, most recent fractures on the southern San Andreas in the valley
form a sequence of straight segments, 9 to 14-km long, with bends of 4 to
11 degrees between the segments. These changes in strike determine the
fault's physical behavior. Where the fault is parallel to the inferred
slip vector the fault zone is poorly expressed and at a low elevation.
Where the fault strikes oblique to the slip vector the fault zone is
clearly expressed within elevated and folded rocks and exhibits triggered
slip in response to strong ground motion from nearby earthquakes. Knowing
the geometry and the slip vector it is possible to more or less predict
what kind of strain field will be produced at these asperities. The
important point for siting instruments is that since the segments have
dimensions on the order of 10-km., and the developing strain fields also
have wavelengths of 10-km. they are smaller than the baselines of most
existing geodetic lines. Dyke injection at depth in the period 1974-1978
appears to be a plausible mechanism to account for Brawley swarm activity,
leveling data near Bombay Beach and Salton Sea-level data. Spreading
caused increased loading of the Imperial Fault resulting in rupture in
1979. Increased loading of the southern San Andreas Fault is confirmed by
recent fault creep and sea-level data. It is possible that rupture of the
southern San Andreas Fault will be triggered by a future spreading episode
SE of Bombay Beach.

S1ip Rates for California Faults

Malcolm Clark began the discussion by stating some of the problems with
assigning slip rates. In short, he felt that the present rates are poor
but can be improved with more data. He also noted that there is little
data for southern San Andreas and San Jacinto faults. He discussed
problems in determining slip rates. Although the formula (rate =
displacement/age) is simple, measurements of both slip and time are rarely
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straight-forward. Such measurements generally include crucial assumptions
and significant measurement uncertainties. He advocated that investigators
give estimates of minimum and maximum rates and a preferred rate. He also
advocated that the investigators give a quality assessment of the rates.

He concluded with a description of the California slip-rate map and table,
and cited some examples of the quality assessments he and his colleagues
gave to a selected number of southern California slip rates.

Tectonic Elements - San Gorgonio Pass

J. Matti described faults and seismicity of the San Gorgonio Pass region,
fault rupture scenarios of great earthquakes in the region, and
locationsfor prediction experiments. The San Gorgonio Pass fault system is
a series of Quaternary wrench faults; the system overprints the older
Banning fault zone. The San Andreas fault system in this region is a
NW-oriented zone with multiple strands - the Banning fault, San Andreas
fault zone which in itself consists of a Wilson Creek strand, Mission Creek
strand, Mill Creek strand, and San Bernardino strand, and the Crafton Hills
horst and graben complex. The San Gorgonio Pass region has been a problem
for the San Andreas fault system throughout its history: the Wilson Creek
strand, Mission Creek strand, and Mill Creek strands were deformed in this
region, and the San Bernadino strand has a complicated relationship with
the Coachella Valley segment of the Banning fault. The Coachella Valley
segment is probably a Holocene fault and enters the complex San Gorgonio
Pass region where it interacts with the San Gorgonio Pass fault system.
Also, it is likely the relationship between this neotectonic strand of the
Banning fault and the neotectonic San Bernardino strand and is somehow
involved in the neotectonic structural knot in the San Gorgonio Pass
region. He tends to associate the zig-zag faulting pattern with the
interaction between the Coachella Valley segment of the Banning fault and
the San Bernardino strand. This complexity in the modern San Andreas fault
zone coincides spatially with left-lateral faults that have also had a
neotectonic history. Matti agrees that this region is an attractive site
for a monitoring and prediction experiment but also feels that its
complexity necessitates a greater understanding of the actual distribution
of the fault strands and requires a major geologic effort.

Evidence of Large Southern California Earthquakes from Historical Records

Duncan Agnew gave a discussion of what evidence the non-instrumented
seismic record gives for the occurrence of large earthquakes on the central
San Jacinto fault (Anza Gap) and the southern San Andreas fault. He
considered four possible earthquakes: (A) an Anza earthquake with 1 meter
of slip; (B) a Cajon - Salton Sea event with 4 meters of slip; (C) and (D)
Whitewater - Salton events with 2 and 4 meters of slip respectively.
Specifically, he addressed the question of how recently there could have
been a large earthquake in these areas that we didn't know about because
nobody wrote it down and it didn't get into the Townley and Allen catalog.
For each candidate earthquake there are two separate problems to be
considered. First, whether there are events in the historical record which
might be the one under investigation. If no candidate is suggested from
the record, there is the more difficult problem of deciding whether or not
the candidate earthquake could have been missed or obscured in the
historical record. This in turn breaks down into three questions: (1) what
intensity distribution would have been expected?, (2) what other records
exist?, and (3) how likely is a particular intensity event to be recorded
in any given class of records? In trying to decide whether the absence of
historical accounts genuinely reflects the absence of earthquakes, we must



be sure that the shaking could not have been ignored. Places which were
not continuously inhabited by l1iterate people may thus be excluded. And
other things being equal, the more often a record (e.g. a daily journal
versus a weekly) is made the lower the intensity that is likely to be
recorded. The period before 1850 is generally unfavorable for earthquake
reporting. Duncan ruled out the first candidate event, A, occurring after
1880. Event B probably last occurred before 1790; and events C & D can very
probably be ruled out after 1850.

Earthquake Potentials along the San Andreas Fault - next 50 years

Clarence Allen presented the discussion for Kerry Sieh, who wasn't able to
attend the meeting. Sieh divided the fault into areas of high and Tow
danger, the high areas having a 50 percent or greater probability for an
earthquake over the next 50 years. The high risk areas include those
around Cholame (segment 2), Pallett Creek (segment 5), Cajon Creek to
Salton Sea (segment 6). The other three of his segments; north of Cholame,
i.e., the creeping zone (segment 1), Wallace Creek (segment 3), and from
Mill Potrero to Three Points (segment 4) are all of low risk.

Segment 5 is the southern portion of that reach of the fault which last
broke in 1857. O0ffsets along segment 5 have commonly been about 3 meters
and the average recurrence interval between the latest 12 large slip events
is between 100 and 200 years. The probability of a large, M7, earthquake
along this segment is about 50 percent. Segment 6 is the only portion of
the San Andreas fault that has not sustained large offsets in the period of
the historical record. Nevertheless, the record of the geologically recent
past leaves no doubt that this segment is as active as other segments. The
long-term slip rate of this segment is about 25mm/yr. Work in progress
near Indio suggests that this segment of the fault produces large
earthquakes about as often as those historically active sections to the
northwest. This observation coupled with the historical dormancy of the
segment and its local low-level creep, lends credence to suggestions that
segment 6 has a high probability of generating a large earthquake within
the next several decades.

Qverview of San Andreas and San Jacinto Fault Systems

Clarence Allen presented a slide "field trip" of the San Andreas and San
Jacinto fault systems from Tejon Pass to the Salton Sea.

Prediction of Large Earthquakes along the San Andreas in Southern
Calitornia

William Stuart discussed his work at combining physical theory,
specifically an instability model, with field data to predict large
earthquakes. He supposes that the upper 12-km. of the fault zone is
brittle and represents it as a patch whose strength varies along strike.
He then models offset data by sectioning the patch. Below the patch it is
assumed that the fault has zero strength and slides freely. Repeated
measures of earthquake offsets are used to constrain the strength along
strike. In his model Stuart represented the San Andreas and San Jacinto
faults by many rectangular areas, and he imposed a slip rate for the entire
San Jacinto fault (earthquakes not allowed in model) and part of the San
Andreas fault. In the variable strength patch the fault will have very



7

small slip for centuries and then suddenly rupture during the instability.
The model can be used to predict earthquakes by simulating what happened in
the past and then running the simulations into the future. This method
gives time and Tocation but isn't any better than using existing
probability recurrence intervals. A second way is to compute ground
deformation as it would occur in the model before the instabilities, as
measured by fault creep or motion of geodetic bench marks.

Overview - San Jacinto Fault

Tom Hanks began by noting both the difference between the Anza seismicity
gap and the seismic slip gap, and that of the five biggest earthquakes in
southern California, four were north of the Transverse Ranges and the fifth
was actually in Mexico. They occurred at the rate of about one every 25
years and exhibited a range of focal mechanisms. The rate of seismic
moment release has plainly dropped since 1850; about two orders of
magnitude in the past 150 years. Obviously this rate of decrease is
impossible to continue over the long term. In southern. California we
should be looking for 5 to 6 cm/yr of plate motion, and seismically this
has not been noticed. The decline in seismic moment seems to be real but
what does it all mean. Is it somehow related to some larger scale, both in
space and time, aftershock sequence? Could it be that a 1ot of the
activity in northern Baja was somehow related to the 1892 earthquake? And
is the Mammoth Lake activity somehow related to the 1872 earthquake? And,
is seismicity on the San Jacinto fault since 1890 somehow related to or .
driven by the great 1857 earthquake? This last question is important for
two reasons. First, if this relationship is true, we may not see
significant activity along the San Jacinto fault until we have the next
great earthquake along the San Andreas fault at Fort Tejon. Second, if
that mechanism is real, the question becomes whether it is possible that
the San Jacinto fault is somehow short-circuiting the San Andreas fault in
southern California. Based on the slip rate, and history of the last 90
years the northern San Jacinto fault, and Anza Gap in particular, seems to
be a likely location for a magnitude 6 to 7 earthquake in the near future.
And, existing information and instrumentation,-location of the fault in
crystalline rock, and relative simplicity of the fault zone all argue in
favor of the region for designation as a special study area.

Foreshocks and Short-Term Earthquake Prediction

Lucille Jones discusssed the possibility of using foreshocks to make
short-term earthquake predictions. She first determines the percentage of
earthquakes by magnitude that were followed by earthquakes of larger
magnitude in southern California, and from this the probability that an
earthquake will be a foreshock. She noted that in the past 20 years
one-half of the strike-slip earthquakes in southern California have had
foreshocks within the previous day. And, there is a slight suggestion that
the larger the earthquake the more likely it is to have a foreshock. She
believes that there is at least a 50 percent chance that there will be a
foreshock for whatever large earthquake occurs in southern California.
Foreshocks and non-foreshocks were assumed to have a binomial distribution,
the percentage of earthquakes that have foreshocks then is the probability
that a future earthquake will be a foreshock. The data used in her
analysis includes all earthquakes greater then magnitude three in the past
50 years. An earthquake is defined as a foreshock if it occurs within 5
days and 10-km. of a larger earthquake. In southern California there is a



6 percent probability of an earthquake greater than magnitude three being
followed by a large event within 5 days and 10-km. Further, there is a
magnitude dependence such that a magnitude three or greater earthquake has
a 1 percent chance of being followed by a magnitude 5 mainshock but a
magnitude 5 or greater earthquake has a 6.5 percent chance of being
followed by another magnitude 5 or greater earthquake. Dieterich,
Wallace, and Wesson all agreed that this work is potentially fruitful and
should be used, including that in principal it could be used at Parkfield
to give an earthquake probability estimate for a short period following a
shock of a given size.

Geometric Considerations of Recent Seismicity-Clustered Monitoring

Exgerlments

C. Johnson presented an overview and analysis of the distribution of -recent
seismicity in southern California. Most significant is a zone of
seismicity surrounding the southernmost section of the San Andreas fault
and representing the locus of the highest seismicity in southern
California. The seismicity along the San Andreas fault is predominantly
strike-slip, the most prevalent mechanism being right-lateral. The
Imperial Valley area can be characterized as an oblique spreading zone
representing the locus of the spreading center between the Imperial and San
Andreas faults. The seismicity confirms other evidence indicating that
strain is building up on the southern section of the San Andreas fault. In
the San Gorgonio-Mission Creek-Banning area there's a deepening of
seismicity that shallows going into the seismically quieter area. The
lower boundary of seismicity in the locked area is shallow and becomes
deeper towards the Imperial Valley. The seismicity in the Brawley seismic
zone is responding to something related to the seismic cycle on the
adjoining strike-slip faults, in particular the Imperial, and possibly the
San Andreas fault. The places where the shallow seismic zones are
impinging on the major strike-slip faults tend to be the focus of major
earthquakes on the strike-slip faults. The Bombay Beach area should be
seriously considered as one of the more likely places for the nucleation of
major earthquakes on the San Andreas fault.

Review of Earthquake Stress Drop along the San Andreas-San Jacinto Faults

Art Frankel reviewed several studies of stress drops of earthquakes in
southern California concentrating on determinations of static stress drops
for events along the San Andreas and San Jacinto faults. While we actually
know very little about the temporal and spatial variations of seismic
stress drops along these fault zones, there is encouraging but limited
evidence that stress drop determinations when carefully corrected for path
effects are useful for the prediction of moderate-sized earthquakes in this
area. MWyss and Brune concluded that most events along these fault zones
had average apparent stresses. Earthquakes near San Gorgonio Mountain in
the Big Bend region of the San Andreas fault had higher than average
apparent stresses. However, the study had many limitations, such as the
lack of depth and path corrections and the inadequacy of the M; scale for
the estimation of energy for small events. Thatcher and Hanks calculated
the stress drops for over 100 events in southern California. The central
finding of this study was that stress drops generally ranged from about 1
to 100 bars, independent of the seismic moment for events between
magnitudes 3.5 and 6.8. Again, confirmation of possible regional
differences in stress drop awaits higher quality recordings at smaller
epicentral distances. Many seismologists have suggested the use of stress
drop determinations of microearthquakes (M;>3)for earthquake prediction
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purposes. However, recent observations of the spectra and pulse widths of
microearthquakes have indicated that the path effects (i.e., the site
response) often contaminate stress drop determinations for these small
events. The wave forms of microearthquakes (M<2.2) can be used as
empirical Green's functions in the determination of stress drops of
earthquakes with magnitudes greater than about 3.5, whose source durations
are long enough to be separated from pulse broadening caused by path
effects. Frankel and Kanamori found that earthquakes in southern
California exhibit significant differences in stress drop and that these
differences may sometimes be indicative of impending larger shocks. It is
premature to evaluate the limited stress drop calculations available for
earthquakes in the vicinity of the San Andreas and San Jacinto faults in
terms of earthquake prediction. Seismic network instrumentation with
reasonable sampling rates and high dynamic range are required to obtain
stress drops of events greater than Mj 3.5 corrected for path effects. The
upgrade of relatively few, about 20, stations of the southern California
network would provide the necessary data to judge the utility of seismic
stress drop for the monitoring of tectonic stress levels and the
discrimination of foreshock sequences.

MARCH 30
PARKFIELD UPDATE

William Ellsworth, Chief of the Branch of Seismology, USGS, reviewed recent
data from the Parkfield experiment. There has been very little seismic
activity; the rate of earthquakes greater than magnitude 1.5 has been low,
averaging one or two events in a 2-week period. Data from the 2-color
laser suggests a mode of strain accumulation more complex than one might
have anticipated. Also, some operational problems had created gaps in data
from the laser. He reported that looking at a N-S line one sees a period
of relative stability in the line lengths covering most of late 1984, since
then there's been a significant shortening of the line. One gets an
opposite picture.in the E-W lines, a period of E-W extention while the N-S
lines were relatively stable and which is now stabilized while the N-$S

_ lines are shortening. He discussed the records of several creepmeters.

The Slack Canyon meter shows a rate that has returned to that prior to the
Coalinga earthquake indicating that creep has more or less recovered from
the Coalinga earthquake. The Middle Mountain meter, established in 1979,
shows a clear rate disruption by the Coalinga earthquake, but shows a
return to eventful right-lateral creep in 1984 at about 1/2 the
pre-Coalinga rate, and is slowly returning to the pre-event rate. The
Parkfield meter has been flat since Coalinga showing that the rate is not
returning to what it was before the Coalinga earthquake.

STATUS OF THE COUNCIL'S STATEMENT TO USGS REGARDING PARKFIELD PREDICTION

John Filson brought the Council up-to-date on the USGS reaction to the
Council's recommendation that the agency issue a statement regarding the
Council's endorsement of the Parkfield prediction. In summary, the USGS
has written a letter to the Director, California Office of Emergency
Services in which it summarizes the results of the USGS Parkfield
prediction experiment (The letter was issued on April 4, 1985). Jim Davis
presented a summary of the California Earthquake Prediction Evaluation
Council's (CEPEC) role in this matter. The California Council played a
pivitol role in reinforcing the NEPEC finding of a high probability for a
magnitude 6 earthquake near Parkfield between 1985 and 1993, and in helping
to coordinate the issuance of the statement among the California Department
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of Conservation, Division of Mines and Geology; California Office of
Emergency Services; and U.S. Geological Survey. It also helped the State
of California in deciding what actions might be taken in response to the
forecast. Also CEPEC advised the USGS to make an effort at short-term
prediction and to increase its monitoring effort without waiting for the
normal budget process. And, as part of its advisory process CEPEC,
furnished the State of California with an intensity map indicating the
Modified Mercalli intensity VII isoseismal. It was reported that the
California Office of Emergency Services is planning a workshop in the
Parkfield area to explain the situation to local residents and officials.

The Council next discussed the amount of time the USGS seems to need to
fully consider the Council's recommendations and whether any steps could be
taken by the Council and the USGS to reduce this amount of time. The
Council was particularly anxious about this matter because conditions at
Parkfield may mandate a very quick reaction by the Council and the U.S.
Geological Survey.

As part of this discussion Wesson offered that if we are to move from
making intermediate-term predictions to timely and effective short-term
statements we will have to develop some pre-arranged scenarios and
statements in consultation with the Director, USGS, that could be publicly
issued by people l1ike William Ellsworth, Chief of the Branch of Seismology,
USGS. Specifically, he suggested that Thatcher's and Ellsworth's group
develop a matrix of trigger events and probabilities for Parkfield that
would then be presented to the Council at the next meeting. It is intended
that these tables or matrices would be approved by the USGS, State of
California, and the two evaluation councils. Davis urged the early
inclusion of the California Council in NEPEC's deliberations, including
holding a joint meeting. '

The Council next discussed how it could include probablity statements in
both a forecast that an event will occur and a statement that reassesses
the forecast should the predicted event not occur in a specified interval.
Aki suggested that this could be accomplished with the implementation of
Lucy Jones' probability calculations for Parkfield.

SOUTHERN CALIFORNIA DISCUSSION - UPDATING THE USGS STATEMENT ON SOUTHERN
CALIFORNIA: SOUTHERN CALIFORNIA PROBABILITY ESTIMATES

The Council's discussion of probability estimates began with Davis
reiterating Lindh's two main points - one concerning the validity of
probability calculations and his opinion that the estimates are adequate
for the Parkfield, Carrizo, and Mojave segments of the San Andreas fault
but not for the other segments of the fault, which have poor data sets.
The other point is how to express this data to different audiences.
Kanamori noted that while some long-term probabilities are independent of
models, annual probabilities are highly dependent on the model used and its
assumptions. Annual probabilities therefore can be very misleading to the
public. He suggested that we have to decide an appropriate time window
over which the probabilities are to be calculated. Wesson suggested that
the Council should formulate a new letter on southern California that both
reviews the situations which lead to the original 1976 USGS statement and
their present status and states our concern regarding the mid-range
probability. He further noted that while annual probabilities are too
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model dependent, 30 yr. probabilities aren't always helpful and suggested
using something 1ike 10-yr. probabilities or the length of time where the
model begins to lose credibility. Davis noted that these statements and
long-term predictions have had a positive impact in that they have lead to
good building codes, programs such as the Southern California Earthquake
Preparedness Project (SCEPP), and in general helped to create a more
appropriate understanding of the earthquake threat. He believes it is
advisable to establish an annual NEPEC advisory to provide a continuity of
communication regarding California's earthquake hazards.

Sykes observed that at least three independent probability maps have good
agreement in several areas of California and suggested that this level of
agreement should be made known in public statements about California
earthquake probabilities. The Council had considerable debate about the
mechanisms and utility of issuing summary probability maps. The consensus
of the Council is that it will:

o annually update a probability advisory on California seismicity
using qualitative estimates of probabilities. The first annual
update will be on southern California, the next on all of
California;

o recommend that the USGS issue the update; and

o draft summary information on the following points for the USGS to
include in an update of its 1976 and 1980 letters to the Director,
California Office of Emergency Services, on southern California
seismic hazards:

* possibility for a 6 1/2 magnitude earthquake anywhere in the
State;

* qualitative update of southern California probability;

* current USGS, California Division of Mines and Geology programs;
md . . .o

* changes in physical parameters since the last statement.

The Council agreed on the following probabilistic statements for fault
segments in southern California with the acknowledgement that work is
continuing and the assessment can change substantially.

o Carrizo segment - low probability
0o Tejon to Cajon Pass - moderate to high

o San Gorgonio Pass - an area that may break in great earthquakes,
work is in progress and there is still substantial uncertainty in
sizes of characteristic earthquakes, repeat times, or probability
estimates .

o San Andreas fault, Salton Sea to Palm Springs - investigations are
underway, preliminary indications that the hazard may be more
significant than previously thought

o Northern San Jacinto fault - there may be a high probability on
some segments but more work needs to be done before a risk
assessment can be made.
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In the Council's discussion of clustered monitoring experiments I. Sachs
warned that the short-term precursors we hope to capture don't always
happen on the major faults or the ones we are monitoring. He suggested
that the clusters need auxiliary instruments, or outliers, to improve the
prospects for capturing these phenomena. Wesson agreed that we need some
reasonable level of regional coverage with the clusters being focused
experiments within that regional coverage. He also suggested that Council
and the USGS working groups begin to focus their attention on which areas
are to be monitored, determine what instrumentation is needed, define the
experiment, and move into the analysis and testing of our hypotheses.
Sykes endorsed the working group concept as a good way to synthesize data
coming from different sources. The Council agreed that it would be
worthwhile to suggest that working groups be established for a few places
that appear profitable for clustered experimentation. He further offered
that these groups be drawn from the community of researchers working in the
areas of interest.

LEGAL LIABILITY

As its last agenda item the Council briefly expressed its concern about the
ambiguity concerning its limits of legal liability, particularly the
liability of its non-governmental members. The Council's conclusion was
that it should state its assumptions about this matter in a letter to the
Director, USGS, and ask for a written response.

FUTURE MEETINGS

The Council tentatively plans to hold two meetings this summer. The first
meeting will probably be convened in the San Francisco Bay area in late
July. The topic will be further discussion of Parkfield, principally the
presentation of a draft decision matrix. The second meeting is scheduled
for early September in Anchorage, Alaska. At that meeting the Council will
discuss updating the USGS statement on the Yakataga seismic gap, the
seismicity along the Castle Mountain and Border Ranges faults, the Shumagin
gap, and other areas of potentially high risk.

Clement F. Shearer

EXECUTIVE SECRETARY

National Earthquake Prediction
Evaluation Council
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29 March 1983

Southern Californi& Earthquake Probabilities“‘
Allan G. Lindh
U.S.G.S

Conditional probabilitiea from Sykes and Nishenko (1984) and
Lindh and Ellaworth (19837?) for fault aegments in southern California
are summarized 'in Table 1. For the Parkfield, Carrizo, and Mojave
segments where the queations are well pcocsed and the data adequate, they
agree well. In most other cases they alao agree, but I believe thias
reflecta only the similarity of our asaumptions, and the lack of
adequate data.

In the case of moat relatively short fault segmrents (earthquakea
of magnitude lesa than 7) I am less convinced than I previocusly wasa
that a tinme dependaent probabilistic formulation, such as that used to
generate the probabilities in Table 1, is always appropriate. It seems
to me that some reasonable way must be found to identify those cases in
which we do not have aenough information to calculate a time dependent
probability (Weibel function for instance), and then be content with
one parameter (Poisaon) eastimatea. Then as we progreas to better
understood fault segmenta and asasociated earthquakea, some means is
needad to smoothly translate our increased information into bolder (ie
time dependent) and leass uncertain estimates. Some way must be found
to avoid the unfortunate situation which sometimes ariaes now of
increased information on a segment leading to an increase in the range
of estimated probabilities, and thus an apparent increase in the
aasociated uncertainties.

One simple approach to accomplishing this would be to adjuat the
breadth of the a priori Gaussian probabiltiy denaity function on the
basis of how much information one had about the earthquake. . In the
case of Parkfield where multiple lines of evidence point to an
earthquake in the near future, the standard deviation could be set asa
amall as 10-20% of the mean recurrence time. This reaults in a
probability function sharply peaked arcund 1988, with an associataed
conditicnal probability that increaseas very rapidly around that time;
this is of course just a quantitative way of daescribing a “long-terna
earthquake prediction®.

For the Mojave segment a standard deviation of 30% of the mean
recurrence interval seems consistent with the available data, and
regults in a relatively smooth conditional probabiltiy curve. Thia
curve does differ aignificantly from the flat conditional probability
of a Poisason distribution, and thus accurately reflecta ocur confidence
that earthquakes on that segment have a quasi-periodic diatribution in
tine.

For the short segment just south of Parkfield which I have callad
the Red Hills segment in Table 1 (but which has previoualy been
described as the Simmler or Kerry Sieh segment), the picture is lesas
clear. We have only one piece of evidence for a M6-7 earthgquake on
that segment -- thae 3 m of slip in 1857 -- and that interpretation
depends on a series of unteated assumptions., Similarly the recurrence
interval for that segment is somewhat conjectural, since we have no
idea how the strain around the end of a major segment ia accomodated,
certainly anelastic deformation must play some part. In this case a
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atandard deviation of 40-50% of the mean reccurence interval would seen
appropriate. ’

It seema to me that varying the breadth of the probability
distribution would be preferable to quoting ranges of probabilties,
particularly since all of these probabilites contain a large subjective
component. The test of whether they should be taken seriously and
quoted to the public should be whether sufficient information exiata to
make them aignificantly better than the simple Poisson eatimate. I
believe that we have accomplished some good in communicating our work
to the public through the use of probabilites, but I believe we could
run the riask of over stating the case, and eroding our credibility, if
we get carried away and forget that they really are just ocur “best
informed guessesa” in nost cases. Aa a guide for research they are
clearly better than nothing, but they should be used with great caution
in talking to the public, or to public officials, in all but the besat
constrained cases. The bottom line is that statiatica cannot add
information to what one knowa about & problem, but only summerize what
one already knowas in a convenient way.



Table 1
Segment nanme Magnitude Probabilitiea (X / yr)
Annual 20 yr cumulative
SAN ANDREAS FAULT

Parkfield 6 /6 /8.3  62-81 7 98

Red Hills 6.6 / 58-71 /

Carrizo 8 / 8 /7 0.2 3-8 /7 5

San Emigdio ) 4-17 /

Nojave 7.5/ 7.5 / 1.2 19-49 7 26 (7-60+)
Indio 7.6 / 7.5 / 2.1 = 21-61 / 37

SAN JACINTO FAULT

Caj P to Riv 6.6 / ‘ ) 3-81 /
Riverside 6 / - 2-39 /
Riv to Anza 6.7 /7 6.7 /7 1.1 15-34 /7 28
Anza to C M 6.6 / 6.7 /7 2.1 4-86 / 43
Coyote Mtn 6.4 / 6.7 /7 0.1 -.4-19 7 3
Sup-r Mtn 6.6 / 1-34 /

IMPERIAL FAULT

Inperial 6.6 / 12-22

16
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THE PATTERN OF DEFORMATION FROM SMALL EARTHQUAKES ALONG THE
TRANSFORM BOUNDARY IN CALIFORNIA: EVIDENCE FOR BLOCK ROTATION

Extended Abstract for the National Earthquake Prediction Evalnation Concil,
29 March 1985 prepared by L. Seeber

This work is the resuit of a collaborative effort by C. Nicholson, P. Williams L.
* Seeber and L. Sykes.

The major through-going faults in the right-lateral trfxsrorm system of
California can be clearly identified from their stuctural expression and as the
locus of the major earthquake ruptures. The lack of direct correlation
between these faults and current seismicity has long been noticed (e.g., Allen
et al, 1965). In some areas, notably along the Transverse Ranges, current
seismicity is obwiously occurring on secondary faults. Thus, low-magnitude
“background” seismicity during the interseismic periods cannot be a reliable
indicator of the major faults. However, this seismicity may reveal the
detailed pattern of deformation as it evolves in space and time before a
major earthquake.

We have begun a systematic examination of earthquake data from the
Southern California Network and of other pertinent geologic data in an
attempt -to improve the resolution of current fault Kkinematics. This
interseismic deformation pattern is then compared to the deformation
during great earthquakes and to geologic deformation. This approach will
hopefully lead to new strategies for earthquake prediction in California by
an improved understanding of how deformation on secondary transverse
faults interacts with slip on the master faults.

The abundance and high-quality of earthquake data from the Southern
California Network (U.SG.S./Caltech) has allowed fruitful results from a
rather simple procedure. Arrival-time data was inverted for local velocity
structure and for accurate hypocenters. Earthquakes were then grouped
according to their first-motion data. Composite fault-plane solutions were
considered acceptible when one of the planes in the solution coincided with
the plane or planes defined by the spatial distribution of hypocenters in that
solution. We then interpreted these results in light of other structural and
deformation data available.



APPENDIX A. 2.
The Pattern of Deformation from Small Earthquakes
Along the Transform Boundary in California: Evidence
for Block Rotation

L. Seeber
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SUMMARY OF RESULTS

San Bernardino- San Gorgonio Pass Area

Using data supplied by the southern California seismic network, we found
that although this area is unusually seismogenic, very few earthquakes were
occurring in the upper 5 km, or could be directly associated with any of the
major through-going faults. Instead, an active system of relatively short left-
lateral faults striking north-east to east-west was identiffied for earthgquakes
between focal depths of 5 and 10-12 km. This pattern of deformation, in con-
junction with an unusual set of both normal and reverse faulting earthquakes,
suggested a series of small rigid blocks undergoing clockwise rotation as a result
of regional right-lateral shear (Fig. 2). The normal and reverse faulting earth-
quakes represent the corners of the blocks rotating into or away from the sides
of the major bounding faults. If valid, this is the first study to identify blocks
undergoing contemporary rotations - rotations that are more commonly
identified on the basis of paleormagnetic work and only for much longer time
scales.

- Other earthquakes that show left-lateral slip on north-east trending struc-
tures include several events along sub-parallel features located west of the San
Jacinto fault and first identified by Hadley and Combs [1974] (focal mechanism A
in Fig. 2). Each of these structures, as well as the northeast trend of earth-
quakes located under the town of San Bernardino (focal mechanism H in Fig. 2),
corresponds to a known vertical aquiclude affecting ground-water migration in
the sediments of the San Bernardino valley [Dutcher and Garrett, 1963]. Where
these structures intersect the San Jacinto and San Andreas faults, hot springs
and thermal wells are e¢vident that are relatively rare for other sections of the
San Andreas system [Jennings, 1975]. Thus, motion along these presumed fault
structures must have been sufficient to generate a clay fault gouge capable of
acting as an effective water barrier. This implies that although these fault seg-
ments are relatively short, they may still constitute a significant seismic hazard
to the local population. In fact, intensity data suggests that the 1923 magnitude
8% earthquake may have actually occurred along the fault segment that paral-
lels the Santa Ana river (focal mechanism G in Fig. 2) rather than along the San
Jacinto fault where it is presumed to be located [Laughlin et al, 1923; Toppo-
zada et al., 1982). If this earthquake did in fact occur along one of these secon-
dary structures, then the northern section of the San Jacinto fault has not
experienced a large earthquake since 1899, and so is more highly susceptible to
an earthquake rupture in the near future.

Furtker east., between the Banning and Mission Creek faults, another set of
earthquakes occur that also appear to exhibit left-lateral slip on north-east
trending features (Fig. 3). These events align along sub-parallel trends that dip
steeply to the south and agree quite well with the orientation of the north-east
striking nodal plane seen in the composite focal mechanism ‘solution. Slip along
the en echelon northeast planes would be left-lateral, but with a larger com-
ponent of reverse faulting. This type of deformation matches the long-term his-
tory of the Pinto Mountain and Morrango Valley faults with which these events
align, and may indicate that slip along these features may have at one time
extended across the Mission Creek fault. Such high-angle reverse faulting has
been previously observed in the shallow surface sediments of San Gorgonio Pass
[Allen, 1957}, although most of the deformation more closely corresponds to slip
along right-lateral strike-slip and shallow-angle thrust faults [Matti and Morton,
1883].
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An interesting feature of all this seismicity is that those earthquakes exhi-
" biting left-lateral slip on northeast trends all occur at depths less than =10 km
(see cross section Fig. 3); suggesting that what ever mechanism is controlling
this behavior, it is primarily restricted to shallow depths. Furthermore, if these
left-lateral faults are the result of small crustal blocks that are currently rotat-
ing then this presupposes a detachment surface at depth, decoupling the blocks,
and allowing rotational movement. Regional mid-crustal detachments or ductile
shear zones have been suggested based on the occurrence of large earthquakes
at depth with shallow-angle nodal planes [Webb and Kanamori, 1985], by the
regional pattern of teleseismic travel-time residuals [Hadley and Kanamori,
1977), and by the finite elastic thickness of the upper crust [Turcott et al,
1984]. 1f a detachment is present, then the possibility exists that the geology
and/or the deformation observed at the surface is different from the deforma-
tion at depth.

In fact the microearthquakes below 10-12 km are distinctly different from
those above. At greater depths, regional north-south shortening resulting from
the collision of the San Jacinto Mountains with the San Bernardino Mountains,
was found to be accommodated by a combination of strike-slip faults interbed-
ded between a series of subparallel shallow-angle thrust faults dipping to the
north (Fig. 4). Determinations of velocity structure from the earthquake arrival
times also indicate a possible low-velocity layer at about 10 km depth under the
San Bernardino Mountains but not under the San Jacinto Mountains [Nicholson
and Simpson, 1985]. This is about the same depth as the transition between the
block rotations and the deeper deformation, and suggests the overthrust San
Bernardino Mountains are allochthonous. Regional gravity data and the distribu-
tion of P, velocities also support this interpretation [Hearn and Clayton, 1984].



Geometric Properties of Rotating Block Systems and the Cycle of Great
Earthquakes

The roles played by block rotations in the interseismic period
and. in the sequences of great earthquakes may be very pertinent to a
earthquake prediction effort. The block/fault rotation model applied
to interseismic deformation leads to the concept of time-dependent
asperities and to repeat times for rupture that depend on the geometry
of adjacent block systems.

Figure 1T illustrates a mechanism by which block rotatiom can
play a direct role in determining the timing of failure on an adjacent
master fault. The sketch at the top depicts a system of blocks in a
fault zone just after the area has been destressed by major slip on
the master fault. The regional faults bounding the blocks are
characterized by a thick layer of highly fractured rock markedly
weaker than the surrounding rocks (e.g., Feng and McEvilly, 1983;
Stierman, 1984). 1In the interseismic period strike-slip displacement
is primarily accomplished by block rotation. The secondary deforma-
tion caused by block rotation is concentrated in the weak fault zones
bounding the blocks (middle sketch). The rotation raises stress
across the fault zone increasing its strength (time-dependent asper-
ities). When the main fault strand ruptures (bottom sketch) the
blocks rotate back and partially recover the interseismic rotation,
the rachet is disengaged and the system is ready to start the next
cycle. : .

Figure 1§ shows the possible evolution of stress and strength on
the master fault during the cycle depicted in Figure IP. Shear stress
and strength are low after the great eartquake. For some time there-
after blocks can easily rotate because the gouge zone they are
impinging upon is weak. How rapidly shear stress and strength raise
along the master fault probably depends on the mechanical properties
of the gouge zone and on the geometry of the system. For the system
to operate by stick-slip, strength has to raise faster than stress and
remain higher for the interseismic period. Eventually the gouge zone
will be compressed at the corners of the rotating blocks to the poinmt
where its resistence to further compression will drastically increase
(i.e., when all the cracks are closed). Further strike-slip displace-
ment will require the stress to increase rapidly and to rupture the
master fault. A model for the interaction between block rotation and
rupture on the master fault along the lines suggested in Figures 1¥
and 1§ can be constructed incorporating constraints on the mechanical
properties of fault zones and on the kinematics of rotating block
systems. .

21
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Block rotations in southern California can be detected both from
data that integrate deformation over geologic time and from data
that detect short term deformation during the interseismic period
between great earthquakes. While most of the deformation during a
large earthquake on s master right-lateral fault is directly related
to the slip on that fault, during the interseismic period much of the
deformation seems to be related to slip on left lateral cross faults
defining systems of rotating blocks. Some of this deformation may be
permanent and contribute to the geologically detected rotations, some
of it may be elastic aand recovered during the large earthquakes on
right lateral master faults. Active systems of rotating blocks
typically occur between major strands of a fault zone where curreat
seismicity is often concentrated. Right steps of the active master
fault from ome strand to another seemf{ to be accommodated by rotating
blocks between these strands in a structurally well documented case on
the San Jacinto fault at the Coyote ridge and on a seismically well
documented case on the Calveras fault for the Coyote Lake earthquake
(1979). Block rotation may account for continuity in right lateral
displacement across the step and for the required along-strike
extension. These rotating block systems are predicted to achieve
large rotatigps im short geologic times and to propagate along a fault
zone increasing the. length of an active strand at the expenses of
another.

Rotating blocks are expected to interact with the adjacent active
major strand by increasing normal stress across portions of this fault
and locking it. These rotating blocks would generate time-dependent
asperities., Elements such as the size of the blocks and the width and
mechanical properties of the weak fractured zone along this fault may
countribute to determine how long it will take for the shear stress
along the fault to overide the ratchet effect of the blocks and to
determine the repeat time for failure. Block rotation may play a
critical role in the unstable (stick-slip) nature of fault slip.
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Figure 4. Map and cross section of the predominately deeper strike-slip (X's) and shallow-
angle thrust events (solid circles) near San Gorgonio Pass. The thrust earthquakes define
a series of planes that dip to the north and parallel the shallow-dipping interface that
defines the base of the seismogenic zone (dashed line) and match the shallow-angle nodal
plane seen in the composite focal mechanisms shown at left. The seismicity shows a wedge-
shaped volume internally deforming as a result of north-south shortening between the San
Bernardino Mts to the north and the San Jacinto Mts to the south. Contours are elevations

above 3.000 feet.
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Figure X2. (a) A well defined NE lineation of seismicity. This group divides the

aftershocks of the 1947 Morongo Valley earthquake from the 1948
Desert Hot Sorings event.

(b) Dominant focal mechanism exhibiting strike-slip motion on NE and SW
nodal planes. '

(c¢) Locations of earthquakes shown in (b). 1In detail, the earthquakes
define an en echelon set of structures.

(d) Cross-section of events shown in (c).
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Depth of Seismicity and its Relationship to Heat Flow
and Large Earthquake Potential
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Depth of Seismicity in the Imperial Valley Region (1977-
1983) and its Relationship to Heatflow, Crustal Structure,
and the October 15, 1979 Earthquake

Diane I. Doser and Hiroo Kanamors

Seismological Laboratory, California Institute of Technology, Pasadena, CA 91125

Focal depths from over 1000 earthquakes occuring between 1977 and 1983 in the Imperial
Valley-southern Peninsular Ranges are used to study relationships between the depths of seismi-
city, heat flow, and crustal structure. Earthquakes used in this study are relocated A- and B-
quality events from the Caltech catalog that are carefully selected to insure focal depth precision
of + 2 km.

All relocated earthquakes are shown in Figure 1. The size of the symbols in this and follow-
ing figures reflects distance from the earthquakes to the nearest station. A cross section along the
strike of the San Jacinto fault (A-A’) is shown in Figure 4. The majority of shallow seismicity lies
in the Brawley Seismic Zone. Seismicity in the Imperial Valley outside this zone is diffuse and
does not appear to concentrate along mapped surface faults. The concentration of seismicity
along distinct segments of the San Jacinto fault and the Anza seismic gap are also visible.

A plot of earthquakes deeper than 10 km (Figure 2) shows that the deeper events in the
Imperial Valley are located at the nothern end of the Imperial fault. Little seismicity occurs at
depths greater than 10 km along the Coyote Creek-San Jacinto fault system or the northern end
of the Brawley Seismic Zone. The majority of deeper seismicity is concentrated along the San
Jacinto-Buck Ridge and San Jacinto-Hot Springs fault systems.

Local and regional heat flow in the study area [Lachenbruch et al., 1985] is also compared to
earthquakes deeper than 10 km in Figure 2. Most of the Imperial Valley lies within the-100
mW/m2 heatflow contour. The only area where deeper earthquakes lie within a region with
heatflow greater than 200 mW/m2 is in the Brawley geothermal area (Figure 2). Earthquakes at
depths of 8 to 9 km have been observed within 1 to 2 km of the Salton Sea geothermal area (Fig-
ure 2) [Gilpin and Lee, 1978], the largest and hottest geothermal area in the Imperial Valley
[Renner et al. 1975], suggesting that deeper earthquakes occuring near the edges of a geothermal
area may not be uncommon. The deepest seismicity in Imperial Valley correlates with a heatflow
low to the south of the Brawley geothermal area. Sass et al.[1984] believe that convective systems
in the valley extend to depths of at least 2 km, however it is difficult to determine whether the
correlation between the heatflow low and the deep seismicity is coincidental or signifies a deep
convective system. The deepest seismicity is also located within the region where Fuis et al.
[1982] have evidence for a dome on the subbasement.

Rheologic modeling was used to study the effects of the heatflow low and the subbasement
high on the depth to the brittle/ductile transition zone in this region. Although uncertainties in
model parameters may change the transition zone depth by several kilometers, the modeling does
suggest that the subbasement high alone could depress the depth of the brittle/ductile transition,
and that the heatflow low need not be invoked to explain the deeper seismicity.
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Earthquakes deeper than 12.5 km are shown in Figure 3. Only 5 earthquakes in the
Imperial Valley region occur at. this depth and all are located at the northern end of the Imperial
fault. The deepest earthquakes in this group occurred at a depth of 13.2 km. A cluster of
activity occurs along the San Jacinto-Hot Springs fault system as well as diffuse seismicity along
the Elsinore fault. The deepest earthquakes in the Peninsular Ranges occurred at a depth of 16.7
km along the San Jacinto fault northwest of the Anza Gap.

Variations in focal depth across the study area are shown in a cross-section taken along the
strike of the San Jacinto fault (Figure 4). Earthquakes located up to 10 km from the cross-section
line have been plotted. The deepest earthquakes in the section occur along the northwest end of
the cross section with an average depth of 13 km. This correlates with the region with heatflow
<60 mW/ m? shown in Figure 2. There is a marked shallowing of seismicity south of the
northwest end of the Anza Gap to an average depth of 10 km where the heatflow increases to 80
mW/m2l (Earthquakes shown in the Anza Gap in Figure 4 do not occur along the San Jacinto
fault, but are located 2 to 5 km southeast of the surface trace of the fault.) Approaching the
Imperial Valley the seismicity shallows to a maximum depth of 10 km as the heatflow reaches 100
mW/mz. An abrupt increase in depth occurs 10 km northwest of the Brawley fault in an 8 to 10
km wide zone at the northern end of the Imperial fault. This correlates with the heatflow low
and subbasement high mentioned previously. This suggests that slip at depth in the Imperial Val-
ley is confined to this narrow band along the Imperial and Brawley faults. The apparent vertical
trends of seismicity shown in Figure 4 are an artifact of the scaling used in the cross-section.
Cross-sections drawn at larger scales do not exhibit the lineations. Plots of the distribution of
earthquakes versus depth show a peak at 7 km for the Imperial Valley region (the region east of
the 1968 Borrego Mountain earthquake)and a peak at 11 km for the Southern Peninsular Ranges.

Cross-sections of relocated seismicity along the trace of the Imperial fault for the pre-
mainshock, aftershock and post-1979 time periods are shown in Figure 5. Note that point DL on
the figures represents the southern limit of earthquakes that could be adequately located with the
existing seismic network. The location of the 1979 mainshock hypocenter, the U.S.-Mexican
border, and the ends of the surface rupture are shown for reference. Since the southern end of the
surface rupture and the mainshock hypocenter are south of point DL, no earthquake relocations
are available to study seismic behavior in these regions. The northern end of the surface rupture
occurs in the area of deepest seismicity along the Imperial fault, and is also located near the
northern end of the subbasement high detected by Fuis et al. [1982]. The southern end of the
dome probably is located 3 to 5 km south of the intersection of the Brawley and Imperial faults.
It is interesting to note that the region near the southern end of the dome is the region where the
Imperial fault undergoes a transition from stick-slip behavior to the southeast to aseismic fault
creep to the northwest [Reilinger, 1984].

The frequency-depth distributions for all earthquakes occurring in the Imperial Valley dur-
ing these three time periods show that aftershocks within the first two months of the mainshock
were 2 to 3 km deeper than pre-October 1979 or post-December 1979 earthquakes. This suggests
that the immediate afershocks may have served to readjust strain at the base of the seismogenic
zone.

Strike-slip offsets of > 1 m from the faulting models of Archuleta [1984] and Hartzell and
Heaton [1983] are shown in Figure 5. Both models show large patches of slip along the fault just
south of the intersection of the fault with the Brawley fault. Smaller patches of slip are present
to the north of this intersection and near the hypocenters in Archuleta’s model. The major
difference between the models is the depth of the slip zone. Hartzell and Heaton’s model shows
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slip between depths of 6 and 10 km with slip > 1.4 m concentrated between 6 and 8 km. Com-
parison of this model with relocated earthquakes indicates that few earthquakes from 1977 to
1983 occurred in this region of high slip. This would suggest that this portion of the fault slipped
only during the mainshock. Archuleta’s model, however, shows maximum slip concentrated
between 8 and 13 km in depth. Prior to the 1979 earthquake a large number of earthquakes
occurred along this part of the fault. Aftershocks occurred in a small cluster within the region of
high slip, but not within the region of maximum slip. From 1980-1983 there have been few earth-
quakes along the Imperial fault south of the Brawley fault. The northern ends of the areas of
maximum slip lie near the intersection of the Brawley fault and the edge of the subbasement high,
suggesting that both structures may arrest faulting to the northwest.

A relocation of the 1940 (MS==7.1) Imperial Valley earthquake suggests that the earthquake
began north of the main patch of slip during the 1979 mainshock and south of the region of deep
seismicity associated with the subbasement high. The location nearly coincides with the small
northernmost patch of slip from Archuleta’s [1984] model and surface displacements north of the
border for both earthquakes were also similar [Sharp, 1982]. These observations suggest that the
rupture began just to the north of the portion of the fault where maximum slip occurred in 1979,
and that the initial event of the mainshock sequence may have ruptured the same portion of the
fault that ruptured in 1979. ’
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Figure Captions

Figure 1. All relocated earthquakes in study area. The type of symbol reflects the quality
of location. X’s are earthquakes with distance to the nearest station (dmin)<hypocenter depth,
+'s are earthquakes with depth<dmin<1.5 x depth. A-A’ is the location of the cross-section
shown in Figure 4. The stars denote ML >5.5 earthquakes occurring in the region during the last
20 years and include the Borrego Mountain (1968), Coyote Mountain (1969), and Imperial Valley
(1979) earthquakes. The fault abbreviations used in this figure and following figures are:
BF=Brawley fault, BRF=Buck Ridge fault, CCF=Coyote Creek fault, EF=Elsinore fault,
HSF=Hot Springs fault, [F=Imperial fault, LSF=Laguna Salada fault, SAF=San Andreas fault,
SHF =Superstition Hills fault, SJF==San Jacinto fault, SMF==Superstition Mountain fault, and
BSZ=Brawley Seismic Zone.

Figure 2. Relocated earthquakes deeper than 10 km and regional heatflow [Lachenbruch et
al., 1985] in the study area. The vertical stripes denote regions with heatflow <100mW/m the

‘rorizontal stripes Tegions with heatflow >200mW;"m ~The letters associated with—the dots are
abbreviations for geothermal areas. B=Brawley, EB=FEast Brawley, EM=East Mesa, H=Heber,
S==Salton Sea, and W=Westmorland. -

Figure 3. Relocated earthquakes deeper than 12.5 km. The box between Brawley and El
Centro denotes the’ possible location of a subbasement dome as discussed by Fuis et al. [1982].

Figure 4. Cross section of earthquakes along A-A’. The cross-section follows the strike of
the San Jacinto fault. (See Figure 1 for location) Apparent lineations in the seismicity are a
results of the scaling used in plotting and are not seen in larger scale plots of the same region.

Figure 5. Cross-sections of seismicity along the strike of the Imperial fault for the three
time periods indicated. The large black dot is the hypocenter for the October 15, 1979 mainshock
[Archuleta, 1982]. The vertical dashed line is the U.S.-Mexican border. E denotes the ends of the
surface faulting observed during the mainshock [Sharp et al., 1982], B the intersection of the
Brawley fault with the Imperial fault, and DL the limit for accurately determining focal depths
using the Caltech network. The regions of the fault outlined by solid and dashed lines represent
strike-slip offsets of > 1 m from the faulting models of Hartzell and Heaton [1983] and Archuleta
[1984].
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Depth Distribution of Seismicity Along the San Jacinto Fault Zone and the
Relation to Large Earthquake Potential

Chris Sanders and Hiroo Kanamors

Seismological Laboratory, California Institute of Technology, Pasadena, CA 91125

Recent cross-section plots of well determined hypocenters of earthquakes located along the
San Jacinto fault zone during the years 1980-1984 reveal new information about the depth distri-
bution of earthquakes along this major strike slip fault zone. Several first order features are
apparent:

1. The bottom of the seismogenic zone changes in depth along strike and becomes shallower
nearer to the Imperial Valley region of high heat flow.

2. In general, seismicity is concentrated in a band along the bottom of the seismogenic
zone, with very little seismicity occurring on the shallower portions of the fault. This is true
whether the base of the seismogenic zone lies at 20 or 10 km depth.

3. Along strike, clusters of activity are separated by relatively quiet segments. The clusters
are located at the ends of the rupture zones of the largest historic earthquakes (1899-1918, 1954,
1968 had large moments) or coincident with the rupture zones of the smaller large historic earth-
quakes (1923 and 1937 had small moments). The quietest sections, except for the Anza seismic
gap, are coincident with the rupture zones of the largest historic earthquakes.

The first observation indicates that the maximum depth of the seismogenic zone along
different sections of the San Jacinto fault zone can vary by as much as a factor of two. This may
affect the repeat time of large earthquakes along different fault segments and also the observabil-
ity of strain related phenomenon at the surface before large earthquakes.

An interpretation of the last two observations is that the quiescent segments of the fault are
locked, including the upper 8-12 km of most of the fault zone. That most seismicity occurs at the
base of the seismogenic zone and not above suggests that the deeper parts of the fault are under
higher shear stresses than the shallower parts. This implies that seismological precursors to future
large events might be found near the base of the brittle fault zone. The seismicity in the two
years preceding the 1979 Imperial Valley earthquake occurred directly below the asperity which
showed the largest displacement during the My, 6.6 event {Doser and Kanamori, in prep.). The
deep seismicity seems to have been indicating the high stresses present along that stretch of the
Imperial fault.

In this light we can examine the most apparent seismicity gap along the San Jacinto fault
zone, the Anza seismic gap. This 20 km long fault segment has very little seismicity in it at any
depth. The lack of seismicity at all depths may be due to high fault-normal compressive stresses
caused by the convergence of several active strands of the fault zone to only one strand near
Anza. These high normal stresses increase the strength of the fault locally effectively shutting off
minor seismicity even in the deeper parts of the fault zone. The greatest concentrations of seismi-
city in the San Jacinto fault zone occur on either end of the Anza seismic gap. These may be
indicating high shear stresses on the faults in the immediate vicinity of the gap. This segment of
the fault zone has not ruptured in a large earthquake since at least 1892. Since seismic slip is
accumulating at a rate of about 1 cm/yr the potential seismogenic slip on this fault segment must
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now be about 100 cm or more.

The 60 km section of fault to the northwest of the Anza gap is also relatively aseismic in its
upper 12 km and presumably is locked above this depth. This section of fault ruptured during

large earthquakes in 1899 (M 7) and 1918 (M, 6.8). The accumulated potential slip on this fault
zone section is now about 60-80 cm.

If an asperity eventually breaks near the Anza gap resulting in a large earthquake the possi-
bility exists for the rupture to propagate northwest many tens of km resulting in a much larger
earthquake of around M 7.
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Figure 2. Epicenters of earthquakes used to make cross sections A-B and C-D (Figure 1). The two long
boxes along the San Jacinto fault and the Coyote Creek and Superstition Mountain faults contain all quality

A and B events of M 1.8 and greater recorded during the years 1980 through 1984. This is a subset of the
set of earthquakes used to make the cross sections.
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Figure 3. Epicenters of large earthquakes which occurred historically along the San Jacinto, southern San
Andreas, and Imperial fault zones. Aftershock zones of the 1937 (M, 6.0), 1948 (M, 6), 1954 (M 6.2), 1968
(M, 6.8), 1979 (M, 6.6), and 1980 (M, 5.5) events are shown. SA = San Andreas fault, SJ = San Jacinto
fault, CC = Coyote Creek fault, SM = Superstition Mountain fault, SH = Superstition Hill fault, [ =

Imperial fault, E = Elsinore fault, MC = Mission Creek fault, B = Banning fault, SS = Salton Sea, A =
Anza, C = Cahuilla, PO = Pacific Ocean.
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Deformation and Implications for Earthquake Prediction
in the Coachella Valley, California
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SOUTHERN SAN ANDREAS FAULT GEOMETRY AND FAULT-ZONE DEFORMATION :
IMPLICATIONS FOR EARTHQUAKE PREDICTION
IN THE COACHELLA VALLEY, CALIFORNIA

Roger Bitham*
Lamont Doherty Geological Observatory, Palisades, NY, 10964

Joint Institute for Laboratory Astrophysics,
University of Colorado and National Bureau of Standards, Boulder, CO, 80309

Presented at the
National Earthquake Prediction Evaluation Council meeting,
29 March 1985, Pasadena, California

Summary

The mapped, most-recent fractures of the southern San Andreas fault
in the Coachella Valley form a remarkable sequence of straight segments
with a dominant length of approximately 12Km. Subtle changes of strike of
as small as 3.3 degrees determine the physical behaviour of the fault.
Wwhere the fault is parallel to the inferred slip vector the fault-zone is
poorly expressed and at a low elevation. Where the fault strikes oblique to
the slip vector the fault-zone is clearly-expressed within elevated and
folded sedimentary rocks, and exhibits triggered-slip in response to
strong-ground motion from nearby earthquakes.

If elastic strain accumulates along the fault zone at oblique-slip
segments it is possible to narrow the search for pre-seismic deformation to
areas near bends between segments where strainfieids will be most intense.
Confirmation that these strainfields exist would provide a substantial
improvement in our understanding of fault mechanics. Monitoring their
development would be an important ingredient in earthquake prediction
studies in the area. Existing geodetic coverage of the Coachella Valley is
deficient in 1-5Km baseline geodesy capable of examining strainfields
arising from fauit-zone geometry. Schemes to compliment existing
monitoring programs are outlined.

Saiton Sea level data suggest that a reversal in tilt coincided with an
inferred Brawley spreading event in 1974-78. Deformation on the Durmid
segment of the fault is indicated by several other indicators
(fauit-crossing tilt, creep and leveling data) suggesting that the Brawley
event may have loaded the fault zone incrementally in the last several
years. Spreading at Cerro Prieto to the south has been invoked to explain
the occurence of the 1979 imperial Valley earthquake and the 1980 Victoria
event in Mexico. In view of the similarities between the Cerro Prieto and
the Brawley spreading centers, and the imperial Fault and the southern San
Andreas fault, we conclude that slip on the southern San Andreas could be
driven by future spreading events near the Salton Sea.

* 19B85-1986 JILA Visiting Fellow



Introduction

A possible magnitude for a future earthquake on the southern San Andreas has been
estimated to be 7.6>Mw<7.8 with a recurrence interval of between 160 and 360 years
(Sykes and Nishenko 1984). No reliable data indicate the occurrence of an earthquake in
the last century and possibly none has occurred since 1700. The average creep rate in
the Coachella Vailey (s2mm/3, Louie et al 1985) is an order of magnitude less than the
dextral slip of adjacent sides of the valley observed geodetically ( »20mm/a, Savage
1983). Elastic strain accumulating at 1-pustrain/a in the vicinity of the fault would
result in an earthquake approximately every 200 years, approximately that predicted by
an instability model of the fault (Stuart, 1985). King & Savage (1983) report a present
day shear-strain rate of 0.4-urad/a and estimate a recurrence interval of 135-570
years.

Fault zone geometry

Detailed mapping of active features of the San Andreas Fault in the Coachella
Valley indicates that fauit-zone elevation, triggered-siip and active deformation of the
San Andreas Fauit are related to fault strike. The fault consists of sequence of straight
segments that differ in strike by 3-11 degrees (Figure 1A). In this article | discuss the
geometric properties of the fault between the Banning Fault and the Salton Sea where
five 12Km linear segments aiternate in strike between NAOW and N47.5W( Table 1). The
segments can be defined with an angular accuracy of £0.45-degrees, and a length
accuracy of :600m (three standard-deviations). Triggered slip, an accelerated
manifestation of aseismic fault creep, that occurred shortly after the Borrego Mountain
earthquake in 1968 and the imperial Valley earthquake of 1979, is aimost exclusively
confined to the N47.5W striking Mecca Hills and Durmid Hill segments (Figure 1b).
Recent sedimentary rocks are uplifted and folded within the N47.5W segments by an
oblique siip mechanism described as transpression (Sylvester & Smith, 1976, Sanderson
& Marchini, 1984). Low ground and unconsolidated sediments are found in the segments
parallel, or near-parailel, to the NAOW inferred plate slip~vector (Minster &
Jordan, 1978 and Bird & Rodenstock ,1984). NAOW is 2also the inferred direction of
maximum shear in the valley (Savage 1983). Figures Ic and Id illustrate changes in
fault strike graphically.-

The observed, subtle changes in fault strike (3.3-7.2 degrees) are barely
identifiable in the field and have hitherto been overlooked However, bends in fauits are
known to be potential locations for initiating rupture during major earthquakes (Bakun
et.al. 1980, Bakun 1980, King and Nabelek 1985). If we assume that this general
process is appiicable to the Southern San Andreas fauit we can narrow the search for
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deformation precursors to a number of relatively small areas.

If the model is correct we anticipate the development of strainfields with
dimensions of the order of a few tens of Km near the fault zone. The existence of
strainfields with these dimensions near bends in the fault would confirm that the fault
was pinned at these iocations. Unfortunately, we are unable to confirm or deny the
presence or development of these strainfields because most existing geodetic networks
in the valley have baselines of the order of 30Km and span the entire valley. We are not
certain that monitoring the predicted strainfields will provide the critica! information
needed to predict rupture of the southern San Andreas fault, but it is clear that our
understanding of fauit-zone mechanics would improve considerably with such studies.

The significance of oblique slip in controiling fault movement

In studying the Coachella Vailey segment of the San Andreas we confront the
kinematic difficuity of modeliing dextral movement on a fauit with major asperities. A
12.6Km-long fault segment slipping at 7.5 degrees obiique to the slip-vector acts as 2
1.6Km-deep, saw-tooth barrier impeding movement of the fault. More than three of
these oblique segments exist south of the indio Hills, effectively locking the fault from
movement in the Coacheila Valley. How is dextral slip accomodated aiong the fault
‘zone?

Recent studies show that folding of near-surface rocks occurs at times of active
faulting (Yielding et. al. 1983, Stein and King 1984). It is possible to spply these
results to the Mecca Hills, Indio Hills and Durmid anticline and conclude that the
observed transpressive structures are not the resuit of interseismic deformation but
the direct resuit of fault movements The distinction has important consequences in
interpreting the significance of the N4BW segments as slip-controlling asperities. If
the transpressive features are a superficial expression of a giant spring we should
encourage a strain measurement program to monitor potential failure. If the observed
features represent a passive zone of plasticity along the fault we should look elsewhere
for precursive signals' A possible indication that the N4BW segments are “elastic”
barriers is the confinement of triggered slip to the NdBw segments. We further argue
that fault rupture is energetically more likely to cause the observed transpressive
features since it presumably accounts for considerably more relative plate motion than
does interseismic creep.

Transpression mechanics on Durmid Hill

Some insight into the process of transpression may be gained from the
susaermost of the N4BW segments where the Durmid Anticline has been cut through by
Sait Creek. If the assumption is made that dextral of fset of Salt Creek (8S0m) and its
incised erosion of Durmid Hill (40m) as reported by Babcock (1974) are synchronous, it



is possible to conclude that the ratio of dextral slip to uplift is 21:1 (see Figure 2).
Curiously, a similar ratio (25:1) was obtained by Ketler et. al. (1982) for an affset fan
at Biskra Paims on the indio Hills NABW segment. A 24-36mm/a slip rate resuits in an
age of Durmid Hill of 35-24 Ka, and an uplift rate of 1.1-1.7 mm/a. There is some hope
that independent confirmation of this rapid uplift rate (and hence an independent
measure of the geological slip rate) may be obtained from a study of ancient Cahuilla
shorelines on Durmid Hill. The uplift rate in 1974-78 is approximately twice the
estimated geological uplift rate and we attribute this to an inferred spreading event
(discussed below).

A suitable mechanism to obtain long term uplift is by thrusting on a plane dipping

beneath Durmid hill to the North. If the uplift is formed by simple thrusting, the dip of

the fault normal to the strike would need to be approximately 70° to the verticai (1.7mm
of uplift for Smm of convergence). This shallow angle of dip is contrary to the casual
observation that the fault is vertical based on the straightness of the trace as it cuts
Durmid Hil! topography. However, a careful analysis of fault trace elevation and location
(Figure 3a) shows that this apparent constraint is weak and a fault zone dipping to the
NE or to the SE could exist A dip to the NE would be consistent with seismic
observations and with the sense of vertical throw on faults of the San Andreas system
NE of Durmid Hill. If the fault plane were perfectly vertical and subjected to 36mm/a
of oblique convergence (at 7.5-degrees), Smm/a of convergence normal to the fauit
zone would occur, sufficient to generate the observed transpressive features by
Poisson's Ratio (»0.25) deformation given a SKm deep deformation 2zone, SKm wide. The
120m of sediment shortening required in the last 24Ka by this explanation is much less
than the shortening evident in folded pleistocene deposits of the Borrego formation
exposed in the Durmid anticlinorium (Babcock, 1972).

Deformation measurements with suitably short baselines to examine near-fauit
deformation exist in the form of leveling data and trilateration measurements with lkm
baselines and approximately | pp.m. accuracy on Durmid Hill. No horizontal
deformation has occurred above the noise level of the measurements at Bat Caves
Buttes in the Jast decade (W. Prescott, personal communication 1984) but there appears
to have been an episode of 10~1Smm of uplirt coincident in time with the Brawley
seismic swarm in 1974-78. The leveling data are contaminated by a North-South
magnetic bias but are lent credence by several other data sets that imply that vertical
deformation may have occurred at this time. Salton Sea level data (processed by John
Beavan and Ken Hudnut at LDGO) indicate that approximately 2cm of uplift may have
occured near North Shore shortly after 1977 (Figure 4). Sharp (1984) monitored
10urad/a for three years from 1980, and an Bmm creep event was monitored at Mecca
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Beach in 1984 (Louie et al 1985).

The absence of horizontal deformation on Durmid Hill in the last decade is
difficult to reconcile with the vertical deformation data and merits futher study. If the
observed uplift is caused by Poisson’s Ratio elastic deformation along a vertical fauit.
We would anticipate approximately |ustrain/a2 of horizontal strain normal to the fauit
if the depth and thickness of the deformed zone were each SKm as indicated by the
depth-to-seismicity and width of deformed sediments respectively.

Fault behaviour at bends

We note that the strain fields at bends between faults are more intense than
elswhere, that is, strain gradients are high. It is possible, as a consequence that
muitiple fault breaks may be common near bends, and trench studies across individual
strands may result in underestimates of slip. InFigure S we show the bend between the
indio Hills segment and the Canal segment parallel to the ancient Cahuilla shoreline.
The bend is approximately 1.5-Km south from the Indio trench of Kerry Sieh and almost
directly at the Dillon Road alignment array. The Indio Site provides key information
concerning historic repeat times and it is obviously of great importance to understand
the mechanics of the bend. Several splays are evident in radar profiles and trenches at
the Indio site.

Two other observations concerning the Dillon Road bend are recorded here. A
300m-long dry concrete structure known as Wasteway #3 ( less than S00m from the
alignment array ) has been in place across the fault for 34 years and shows no evidence
of fracturing, although a subtle flexure is apparent in the structure in the correct sense
for dextral slip. A 7-cm dextral shear might have been anticipated if the observed
2mm/a creep rate had been existence for this length of time. A second feature of the
canai system nearby is a persistent leakage of the Coachella Canal reported by water
engineers approximately 100-m west of the Indio trench site. 15-30cm of overthrust
concrete lining was removed when this was repaired in March 1981 (Doyle Cross,
personal communication, 1985.) The canal does not cross 2 mapped fault at this point
and although it is close to the mapped fault (150m) it is difficult to envisage dextral
fault motion resulting in EW thrusting implied by the sense of fracturing  The
significance of these two observations is uncertain since canal structures may undergo
significant deformation resulting from hydraulic and thermal pressures. The absence of
pronounced fracturing on Wasteway #3 could be explained either by monolithic rotation
of the structure, dextral flexure below the threshhoid of fracture of the structure, or
by invoking the possibility that creep on the fault started in the last two decades.
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Speculations on the relaiionship between the Brawley Seismic Swarm
and the southern San Andreas Fault. ' ‘ '

Crustal deformation data from the southern San Andreas segment near Bombay
Beach are of poor quality and it is perhaps premature to conclude too much from the
fragments presently available to us. In Figure 4b we attempt a preliminary
interpretation of the Saiton-sea-level data, the leveling data and observations of tilt
and creep across the fault.

The data appear to be consistent with a medel for dyke injection and rifting where
the margins of the dyke are downwarped prior to rifting and uplifted during rifting. For
the 20 years preceeding the Brawley Seismic Swarm the southern shore of the Salton
Sea subsided 20cm. It rose 3-cm during the following 8 years and was accompanied by
uplift on the NGS leveling line across Durmid Hill, on either side of the northward
éftension of the trend of the Brawley swarm. The uplift appears to have been
terminated by the 1979 imperial Valley earthquake that caused triggered slip on the
fault. In the most recent few years deformation has occurred along the Durmid segment
of the fault. We note that contraction on several geodetic lines in the Coachella Vailey
was observed after the inferred spreading event, consistent with margin compression on
either side of a dyke injection episode.

Silver & Valette-Silver (1985) note that events in the Cerro Prieto area to the
south are consistent with a spreading event beneath the Cerro Prieto geothermal field.
A model is proposed that suggests that the imperial and the Victoria earthquakes in the
following few years were attributable to increased loading on the transform fauits to
the north and south respectively. It is possible that loading on the San Andreas fault
increases substantially following a spreading episode on the Brawley spreading center-
That no earthquake has occured in the last century, whereas several events have
occured on the Imperial fault to the south, may be attributable to the Brawley
spreading rate being less than the Cerro Prieto spreading rate (Fuis et. al. 1982). A
precise estimate of the relative spreading rates of these two zones would be of value
in estimating the relative frequency of imperial Fault events to events on the San
Andreas fault. .

The Imperial Earthquake (1S October 1979) may have similarities to a future
southern San Andreas earthquake. The dimensions of segments on the Imperial Fault
defined by the surface break are comparable to those found in the Coachella Valley. That
is, the fault can be considered to consist of a 14Km segment trending at approximately
N38W from the Mexican border to the intersection with the Brawley Fault. The fault
. then bifurcates into two segments with irreguiar breaks extending 12Km to the NE and N
respectively. The fault south of the border with no surface break appears to be
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segmented with a similar wavelength.

During the imperial event the fauit apparently ruptured from one bend to another
bend, with the main shock on a third segment to the south. The most significant bends on
the southern San Andreas Fault are those at Bombay Beach and at the intersection of the
Banning Fault. A possible magnitude-6.7 event (using the three-segment Ms 6.5 Imperial
event for scale) could rupture all five segments. Rupture beyond the Banning Fault
northward would presumably result in a larger earthquake magnitude. We note that the
Imperial event terminated to the south at an apparently insignificant 3-5 degree bend
similar to those in the Coachella valley. The 50-Km Bombay Beach/Banning Fault
section of the San Andreas could also fail in shorter segments. '

Recommendations for improved monitoring of crustal deformation in
the Coachella Valley

Can a geometric model for fault slip be tested before committing USGS resources
to a major measurement program involving tiltmeters, extensometers and precise
geodesy? Can we devise ways to estimate the ratio of recoverable elastic strain to
plastic deformation stored in the N48W segments? How much of the observed surface
deformation occurs during motion of the fault? How much during the interseismic
period 7 What are the horizontal dimensions of elastic strainfields developing near the

_ transpressive zones? Are the observed fault features vertical? Do they continue to the
seismogenic zone? Do the segmented features rotate into the average strike of the
fault at depth?

If elastic strain continues to increase on the N4BW segments of the fault we
should anticipate progressive uplift, only partly relieved by creep events on the fault.
Wwe might aiso anticipate a difference in creep behaviour between the NAOW segments
(fast and uniform) and the N4BW segments (siow and erratic).

Tantalisingly, the data tell us little of what we need to know.

1. There was a large (Bmm) creep event on the San Andreas fault near North
Shore in early 1984. A short leveling line nearby detected 10urad/a of tilt across the
fault in the preceeding three years (Sharp 1983). The line was destroyed before a
remeasurement could be made to find out whether the tilt recovered after the creep
event. If the tilt was a =1 cm vertical manifestation of 8mm of dextral creep on the
fault, the ratio of uplift to slip is more than twenty times larger than the observed
geological ratio of uplift to dextral slip.

- 2 Triggered slip in 1979 was preceeded by uplift in 1974-78 on the USGS
leveling line with 1urad/a of tilt on the flanks of the triggered segment (appendix). We
do not know whether the uplift subsided after the creep event because the leveling line
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was not re-measured.

3. Caltech alignment-arrays and creepmeter measurements embrace this section
of the San Andreas fault, but because of the difficulty in precisely locating the fault in
the slip-parailel segments, there are few measurements in the NOW, N43W and N22w
segments. The creepmeter and alignment arrays at North Shore show no creep in the
last decade. If this is true, generally, in the slip-parailel segments it is a curious
result and may be of great importance in interpreting the mechanics of fault slip. it is
possible, however, that creep is distributed over a wide zone in these segments and may
have escaped detection.

The following suggestions and recommendations are intended to remedy the
absence of critical data in the Coachella Vaiiey segment of the southern San Andreas
fault.

1. The NGS first-order leveling line along the northern shore of the
Salton Sea should be remeasured every two years.

We are requesting that the line be repeated by NGS or USGS. Additional leveling
lines across the Brawley spreading zone are desireable in order to understand the
interaction of inferred spreading and loading of the San Andreas Fault. See 6 below.

2. Short Leveling iines should be installed across the transpressive
segments of the fault to monitor ongoing deformation.

Sharp’s leveling line should be repaired. Active deformation near Bombay beach
(suggested by Babcock (1974) and confirmed by USGS leveling) should be investigated
with short leveling lines. A short leveling line exists across the fault at Painted
Canyon in the Mecca Hills (A G. Syivester, personal communication, 1985) which could
be expanded to cross the possibly active Mecca Hills transpressive zone. The emphasis
on these short ieveling lines shouid be to understand the reiationship between observed
fault creep (»2mm/a) and geodetic slip (s20mm/a). Leveling :S5Km from the fault may
reveal whether or not some of the missing slip is being stored close to the
transpressive zones.

3. Better mapping of the San Andreas fault-zone in non-transpressive
segments is required.

Ground penetration radar surveys are recommended in the North Shore N4OW fault
segment, and in the Bombay Beach N22w segments of the fault (Figure 1) to determine
the precise jocation and width of the fauit zone.

4. Additional creepmeters and alignment arrays are desiresble in the
non-transpressive segments of the fault.

It is desireable that these arrays should be wider and but with the same or
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improved dextral-displacement sensitivity. This implies that measbrements will have
to be more precise than existing alignment measurements. Deep monuments are
suggested. The implementation of these additional measurements would be premature
without the improved mapping mentioned in 4. above.

S. (improved horizontal geodesy in the Coachella Valley -

Triangulation data to the 1950's (Thatcher, 1979) and trifateration data from the
1970’s (Savage, 1983) should be reconciled to form one homogeneous data set.

Trilateration data should be complimented with additional short baseline
measurements (1-3Km baselines near the fault,, and with S-10Km baselines extending
to the NE side of the fault. ‘

6. Additional sea-level monitors along the Northern and Southern
shore of the Saiton Sea

The present network of gauges (two LDGO (May,198S) and one USGS gauge) is
adequate only for homogeneous tiit. We have ample evidence that the tiltfieid is not
homogeneous along the San Andreas fault and across the Brawley spreading region. It is
possible that subsidence may be occurring at Bombay Beach with uplift on either side.
The same process may be occurring at Obsidian Buttes.

7. Bench-mark stability

The surficial materiais in the Coachella Vailey consist of thick (3-5Km) deposits
of sediments. Bench-marks and tigonometrical markers are notoriously unstable in such
environments.  Preliminary efforts should be directed at gaining experience at
installing tiltmeter-end-piers stable to 10um/a vertically in such materiais.

Groundwater withdrawal is a problem near indio, but more so are the uncertain
effects of aquifer recharging that has been an ongoing process since 1948 when the
canal was first opened. Recently, deliberate recharging of Q‘inking-well aquifers in
the valley has been commenced by engineers from the Coachella Vaiiey water District.
Near much of the San Andreas fault in the North Shore and Durmid segments, aquifer
water is msui.ted to drinking or irrigation and there are no active wells.

Geodetic bench-marks defining the NGS leveling line paraliel to the fault on
Durmid Hill are principally on bridge parapets. Disconéerttngly, an alarming number of
bridges were replaced in early 1985 because of storm damage and it is uncertain how
many of the marks are recoverable. Clearly, a more satisfactory array of markers must
be installed away from bridge washouts. The markers should consist of deep reference
piers isolated from surficial soil motion.

Horizontal deformation markers away from exposed quaternary rocks pose a
stability problem. A possible solution is to implement a form of tetrahedral end-mount
used for wire strainmeters in Alaska. In this arrangement, three or more rods are
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driven to refusal in 2 downward radiating pattern and their free ends are cemented or
welded together near the surface. The near-surface ends of the rods would be isolated
from surficial motion by plastic coliars.

Conclusions

The San Andreas Fault south of the Banning Fault consists of a sequence of
straight segments with remarkably similar lengths (=12-Km) and simple angular
relationships. Fault segments elsewhere in the Coacheilla Valley vary in length from
4-23Km. The segments are remarkable for their straightness and for the fact that fauit
properties along adjacent segments differ markedly. The strike of the fault changes by
as little as 3.3 degrees between fauit segments.

Where the strike of a fault segment is oblique to the inferred plate slip vector
(N4OW) fault motion is accompanied by uplift and folding of sedimentary rocks . Since
fauit segment strike is known to :0.45-degrees and the slip vector is inferred to
t]-degree it appears possible to predict the strainfields developing at each of the
oblique slip segments impeding fault motion. The precise shape of these strainfieids
will be determined by the distribution of elastic properties near the fault. The
astonishing regularity of fault segmentation suggests that the strainfields may be
simple and therefore predictable. Monitoring the development of these predicted
strainfields would provide a major contribution to assessing earthquake hazard in the
valiey, however, at present there are few geodetic networks in the valley with suitably
short baselines.

A tentative model to explain deformation data near the Salton Sea is formulated,
in which spreading at the Brawley spreading center resuits in increased loading of the
Southern San Andreas fault. A future spreading event may trigger rupture of the fault.

Hitherto, the character of the fault along the southern San Andreas has been
considered to be relatively homogeneous. The reported geometric properties of the
southern San Andreas fault enable detailed monitoring of the fault zone to be considered
within a reasonable budget. It is likely that rupture will propogate from a bend, to a
bend. The most significant bends apparent in the Coachella Valley are at Bombay Beach
and where the Banning Fault intersects the San Andreas Fault. These bends are each
approximately 20 degrees and share the common property of being poorly defined in the
near surface. Research is needed to understand the significance of each fauit segment
in preventing movement of the fault, and to monitor the development of strainfieids
around fau!lt segments that will tell us where and at what rate elastic strain is
accumulating
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Table 1| Geometric properties of the southern San Andreas Fault in the
Coachella Valley, California. (1atitudes 33°47° to 33°23'N)

Standard Average Observed

Segment Length Strike Deviation Triggered slip Creep rate

£200m  +0.15° 1968 1979
indio Hills  12Km N48.09W +20m(S 7Km only) - - 2mm/a
Canal 120Km N43.78W +25m - - -
Mecca Hills 12.6Km N47.42w +30m 95mm d4mm 3.imm/a
North Shore 12.6Km N40.36W +20m 0.6mm - <Imm/a
Durmid Hill 126Km N47.48W +25m Smm 25mm 1-2mm/a

The Indio Hills segment is measured from Biskra Palms aithough it is much fragmented
for the first SKm of the segment and may not represent a continuous fault north of the
inferred intersection of the Banning fault. A standard deviation is given only for the
southern 7Km of the indio segment. The Durmid segment is measured to the southern end
if the 1979 triggered-slip segment. The deviation from straightness is expressed as a
standard devigtion from a least-squares fit to all mapped fault strands in each segment.
Segment length-is determined by the intersection of least-squares fit straight lines
from adjacent segments. Triggered slip is calculated from the data of Allen et al (1972)
and Sieh (1982). The numerical values are obtained by dividing the sum of the maximum
observed slip in each 1-Km section of the fault segment by the length of the segment.
Creep data are from Louie et 2l (1985).
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Figure 1B

Relationship between fault strike, fault zone elevation (£100m of the
mapped trace) and triggered slip during the 1968 (Borrego Mountain) and
1979 (Imperial) events. The mesn, maximum values of triggered slip
observed in each 1 Km section of the fault were calculated from the data
of Allen et. al. (1972) and Sieh (1982).

_ The southern end of the Durmid Hill segment meets two 4Km segments (trending at
NS4awand N6OW) before it meets the projected intersection of the Brawley seismic
swarm at Bombay beach. These two segments are poorly defined and in this plot are
included with the N4BW segment. The southern termination of 1979 triggered siip ends
precisely at the bend between the N4BW segment and the NS4W segment.
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Durmid Segment
N47.5wW

Figure I1c Fault strand elevation and deviation for five
segments of the Southern San Andreas Fault

Light curves represent mapped fault traces relative to estimated
least-squares straight-line fits for each segment. The mapped location
accuracy for each trace is estimated to be not better than 20-30m by
Clark (1984). Relative trace location to :25m is beleved possible
where multiple fault strands or clear fauit-zone topography exists. Bold
curves represent elevation of the mapped fault trace (interpolated to
£0.3m). Fauit deviation to the NE and elevation above mean sea level are
both positive and to the same scale. Verticai/horizontal scale
exaggeration 40. Tick marks are every 2Km and are measured from the
SE (right) end of each segment.

The length of each segment is defined by the intersection of the
least-squares fit line derived for that segment with the least-squares
fits from adjacent segments. The similarity in length (»12-Km) of each
segment is remarkable.

High ground is associated with segments trending at 7.5-8 degrees
to the inferred slip vector. Relatively low ground is found in the North
Shore and Canal segments. Departures from straightness are not caused
by fault dip, but appear to be reiated to small scale topographic
features.
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Figure 1d Deviation of the active trace of the San Andreas Fault from the
extrapoiated strike of the Durmid HIll Segment

Vertical to horizontal exaggeration = 12.5:1. The locations of fault-crossing alignment Zm
arrays, tiit arrays ( Painted Canyon and North Shore) and the Salton Sea tide gauge at '
Salton Sea State Park are indicated. The Indio Hills segment becomes increasingly

obscure towards the North and dles out at Biskra Paims. A short NAOW branch of the 1
fault (indicated) extends to Pushawalla Palms shortly before Biskra Palms. The

Intersection of the Banning fault with the San Andreas fault occurs approximately

hall-v;ay along the indio segment.
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Durmid Hill

Salton Sea - m

Figure 2 Transpression along the Durmid Segment of the San Andreas fauit.
Salt Creek appears to be an antecedent stream that has been offset approximately
850-m by movement of the San Andreas fault ( Babcock 1974). It cuts through a 40-m
deep gorge thus providing an approximate estimate of the ratio between uplift and
dextral slip. This ratio (.05) is similar to that reported in the Indio Hills segment by
Keller et. al.(1982). If we assume that the average dextral slip rate is 24-36mm/a we
obtain a minimum age for Durmid Hill of 35-24Ka, and an uplift rate of 1.7-1.1mm/a. A
higher uplift rate would be necessary to account for sediments removed by erosion or
by gravity sliding.
An uplift rate of 2mm/a would result in 1-m of uplift in SO0 year-old lake
" Cahuilla shorelines surrounding Durmid Hill. Measurements of Cahuilla shoreiines may
yield an independent estimate of uplift rate , and perhaps slip rate, for this segment of
the fault.
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Figure3

Geometrical analysis of the Durmid Hill segment of the San Andreas Fauit.
The upper figure illustrates the straightness of the fault by exaggerating (x25) the
mapped deviation from an imaginary line striking at N47.48W. The standard-deviation
i8 +25m and the maximum and minimum deviation are Sim and 41m respectively. The
Durmid fault segment (dashed zone) is 1265:0.2Km long and extends from the
southermost 1979 triggered slip fracture (2Km SE of Bat Caves Buttes) to 400m SE of
the northmost 1979 fracture (near the Mecca Beach campground). The strike of
adjoining segments are plotted for approximately |Km beyond each bend. The bend
itself is defined by the intersection of straight-line, least-squares fits for
fault-deviation data-from adjacent fault segments. The fauit to the south of this
segment (Bombay Beach) is poorly defined but appears to consist of two <4Km long
segments before striking to the SE at N22w.

The lower figure illustrates the relationship between fault trace deviation and
fault trace elevation within the Durmid Hill segment of the San Andreas Fault. Each
strand of the fault follows a3 curve on the figure. If the fault were vertical we would
expect 2 dominant vertical cluster. A least squares fit to these data give a
shallow-dipping fault to the SW, however, it is thought that deviation-details of the
fault trace may be strongly influenced by surficial effects making a rigorous analysis
misleading. There is some suggestion that the fault is vertical where it is in line with,
or parallel to, the mean strike of the segment.
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Figure 4 35 years of Salton Sea-level data reduced by John Beavan and Ken Hudnut.
Differences between the three gauges have been filtered with a 1-year zero-phase
Butterworth low-pass filter. The data were previously reported to 1978 by Wilson
and Wood (Scrence, 207, 183-186, 1980). The new data show that tilt reversed at
about the time of the Brawley seismic swarm. The oscillations that occured at this
time may be the vertical manifestation of episodic spreading (they are not annual
variations), but we cannot exclude the possibility that the USGS gauge at SB was
malfunctioning.
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(978 -1984

450 - 1970

Figure ®

Possible interpretation of tectonic activity in the Salton Sea region from 1950 to
1984 The three Salton Ses gauges indicate three different periods of tectonic
activity. Two gauges suggest a tiit down to the SE before 1970 when a third gauge was
sdded. The tilt reversed in the period 1970-78, at the same time as uplift was
observed on 2 leveling line along the NE shore of the sea. Movement on the fault has
been reported recently (Tiit across the fauilt in 1980-83, (Sharp, 1983), and an 8mm
creep event on the fault in 1984, (Louie et al 1985)] that appears to be be related to
spproximately 2cm of uplift at Salton Sea State Park (SB) since 1978.

The data are consistent with a spreading event of the sort reported in iceland
where wlift of the 1ips of the spreading center occurs during s dyke-injection phase.
fHorizontal contraction of surfaces adjacent to the rifting episode shouid occur
Ssimuitaneously, an observed feature of several geodetic 1ines in the Coachella Vanq

for this period of time.
- -—>
\
1aso -1970
& ,
- - & - &

197u--18
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Figure S  Detail of the intersection between the Mecca Hills Segment and
the Canal Segment of the San Andreas Fault in the Coachella Valley

The map is that of Clark (1984). A 3.3 degree change in the strike of the San Andreas
fault occurs between A and B.

A = C.LT. Dillon Road Alignment Array (=2mm/a)

B = 300m long concrete-lined channel known as Wasteway # 3. Dextral flexure but no
cracks. Constructed 1951. .

C = Trench investigations of Kerry Sieh (Indio Site).

D = Radar mapping of muitiple subsurface fault breaks (Bilham et ai 1985).

E = Fractured canal lining repaired 1! April 1981. 30cm overthrust removed.

F = Major fracture in Wasteway#3 presumed of hydraulic and/or thermal origin.

6 = Wedge-shaped (15°) hill. A similar 15° wedge-shaped hill bounded to the south by an
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3 May 1985

Summary of comments presented to NEPEC March 29, 1985 by Malcolm Clark, USGS
SLIP RATES OF ACTIVE FAULTS

Increased use of late Quaternary slip rates has produced better tectonic
analyses and earthquake hazard estimates, yet we are concerned that users may
lose sight of the significant limitations in most slip rates. Slip rates
(s1ip/time) are deceptively simple, but estimates of both slip and time
generally include crucial assumptions and significant measurement errors.

The principal sources of uncertainties in measurements of slip are (1)
imprecise boundaries to the features that have been offset, (2) measurements
that fail to span the entire zone of faulting or deformation, (3) no
measurement for one of the components of slip, and (4) incorrect
identification of apparently offset features.

Most estimates of elapsed time have large uncertainties. Dates commonly
must be obtained indirectly from associated deposits or features, and include
assumptions about that association. Such dates generally bracket the elapsed
time, often by wide margins. Dating techniques themselves may contain major
assumptions and analytical uncertainties. In addition, if recurrence interval
is large relative to the time period, a major uncertainty in slip rate arises
if the measured time period does not begin and end at the same place on an
assumed earthquake recurrence cycle.

Estimates of both slip and elapsed time should include minimum and maximum
allowed by the data. These extremes should be combined to produce the extreme
ranges of resulting slip rate. Those who report slip rates should fully
disclose and discuss all aspects of methods, assumptions, and uncertainties
that produced those rates. They should also evaluate the quality of the slip
and age estimates, and, where possible, give a qualified opinion, based on
experience and judgment, of preferred value if the range of slip rates is
large.

We have incorporated these suggestions in a recently released slip rate
table and map for California assemb]e? from the compiled contributions of
13 U.S. Geological Survey geo]ogists.-/ We intend this table and map to
appear in successively revised editions as better data come forth and new
sites are measured.

Each contributor is responsible for compiling, calculating, interpreting,
and evaluating the s1ip rates for all available sites within a specific
geographic area of the State. We have tried to be both informative and
judgmental about each slip rate. Where possible, we report or estimate
minimum and maximum values of both slip and age of offset features as allowed
by the measurements at each site. We then use the resulting range of values
to calculate the probable range in slip rate. In addition, each contributor

Y Preliminary Slip-Rate Table and Map of Late-Quaternary Faults of
California, U.S. Geological Survey Open File-Report 84-106. Malcolm M. Clark,
Katherine K. Harms, James J. Lienkaemper, David S. Harwood, Kenneth R. Lajoie,
Jonathan C. Matti, James A. Perkins, Michael J. Rymer, Andrei M. Sarna-
Wojcicki, Robert V. Sharp, John D. Sims, John C. Tinsley, III, and Joseph I.
Ziony.
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makes a qualitative estimate of the reljability of the slip and age estimates
on the basis of the data and methods used. Although our evaluations are
individual and may be somewhat arbitrary, we believe that our informed
opinions form a valuable part of the table. Sources and comments for each
site will allow users to evaluate the original data and methods by which we or
the quoted source derived the slip rates.

Our slip rate table has only two entries for the San Andreas fault
southeast of San Gorgonio Pass. Both are near Indio, and neither is of high
quality. Serious uncertainties in estimates of both age and slip occur at one

site, and work is still in progress at the other, although it promises good
results.
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CFS version, edited by MMC, 3 May 1985

S1ip Rates for California Faults

Malcolm Clark began the discussion by stating some of the problems with
assigning slip rates. In short, he felt that that the present rates are poor
but can be improved with more data. He also noted that there is little data
for southern San Andreas and San Jacinto faults. Malcolm discussed problems
in determining slip rates. Although the formula (rate = displacement/age) is
simple, measurements of both slip and time are rarely straight-forward. Such
measurements generally include crucial assumptions and significant measurement
uncertainties. He advocated that investigators give estimates of minimum and
maximum rates and a preferred rate. He also advocated that the investigators
give a quality assessment of the rates. Malcolm concluded with a description
of the California slip-rate map and table, and cited some examples of the
quality assessments he and his colleagues gave to a selected number of
southern California slip rates.
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Tectonic framework of the south-central Transverse Ranges
by Jonathan C. Matti

The tectonic framework of the south-central Transverse Ranges includes
paleotectonic and neotectonic faults that evolved during late Miocene through
Holocene time (Matti and others, 1985). These faults can be grouped into four
systems: (1) The San Andreas fault system (2) the San Gorgonio Pass fault
system, (3) the Crafton Hill horst-and-graben system, and (4) the Cucamonga
fault zone.

San Andreas fault system

Banning fault zone. The Banning fault zone is an old strand of the San
Andreas fault system that formerly was a throughgoing fault that extended from
the Coachella Valley region, through San Gorgonio Pass, and west to the
vicinity of the San Gabriel Mountains; there, the Banning fault probably once
was continuous with the San Gabriel fault. The Banning-San Gabriel fault
generated about 60 km of right-lateral displacement during the period between
10-12 m.y. B.P. and about 5 m.y. B.P. The Banning-San Gabriel fault was
abandoned by the San Andreas system about 5 m.y. ago.

San Andreas fault zone.--In the viecinity of the central Transverse Ranges
the San Andreas fault zone consists of these segments that have different
degrees of structural complexity (fig. 1). The Mojave Desert segment forms a
relatively simple fault zone that extends from the Tejon Pass region to the
Cajon Pass region. The segment has been the site of Pliocene through Holocene
displacements. The Coachella Valley segment forms a relatively simple fault
zone that extends from the Brawley seismic zone northwestward through the
Coachella Valley. This segment also has been the site of Pliocene through
Holocene displacements. The Transverse Ranges segment forms a complex zone of
multiple fault strands that had sequential movement histories; to the
northwest and southeast these strands merge to form the Mojave Desert and
Coachella Valley segments.

From oldest to youngest, fault strands within the Transverse Ranges
segment includes the Wilson Creek, Mission Creek, Mill Creek, and San
Bernardino strands (fig. 1). Together, these strands represent the total
amount of Pliocene through Recent right-lateral displacement on the San
Andreas fault zone (sensu stricto) in southern California (4 or 5 m.y. B.P. to
Recent). The Wilson Creek strand represents the first generation strand of
the San Andreas. Following a prolonged period of right-lateral displacements
on a throughgoing fault that generated more than 100 km of offset, the Wilson
Creek strand in the vicinity of the San Bernardino Mountains was deformed and
compressed into a sinuous trace before being truncated on its outboard side by
the Mission Creek strand. The Mission Creek strand in turn generated about 45
km of right-lateral displacement (the same displacement as that of the
Punchbowl fault in the San Gabriel Mountains, which I infer to be a
continuation of the Mission Creek strand), before it too was deformed in the
vieinity of the San Bernardino Mountains and succeeded by the Mill Creek
strand. Both the Wilson Creek and Mission Creek strands may have been
deformed as a result of left-lateral displacements on the adjacent Pinto
Mountain fault. The Mill Creek strand developed inboard (east) of a westward
projection of San Bernardino Mountains basement created as the Mission Creek
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strand and adjacent rocks were deflected and rotated to the west and
southwest. Subsequent right-lateral movements on the Mill Creek strand nipped
off this projection and displaced it 8 to 10 km to the northwest;
subsequently, the Mill Creek strand also was deformed by left-lateral
displacements on the Pinto Mountain fault and was terminated as a throughgoing
right-lateral strand. The San Bernardino strand marks the trace of the modern
neotectonic strand of the San Andreas fault within the Transverse Ranges
segment. The strand is continuous with the Mojave Desert segment, and extends
for 60 km along the western base of the San Bernardino Mountains to the
vicinity of the Crafton Hills fault system, beyond which the San Bernardino
strand loses its clear surface expression. Continuity of the San Bernardino
strand with neotectonic right-lateral faults in the Coachella Valley is
doubtful. In my view the San Bernardino strand has reactivated the Mission
Creek strand which formerly was an active trace of the San Andreas along the
base of the San Bernardino Mountains.

The Wilson Creek, Mission Creek, and Mill Creek strands all merge into
the Coachella Valley segment of the San Andreas fault to the southeast;
similarly, the Mill Creek, Wilson Creek, and Mission Creek-Punchbowl strands
all merge into the Mojave Desert segment to the northwest. This relation
requires that while multiple strands were evolving sequentially within the
Transverse Ranges segment, the adjacent Mojave Desert and Coachella Valley
segments were routinely generating right-lateral displacements within their
relatively uncomplicated, narrow fault zones. This contrast in structural
style between the Transverse Ranges segment and the two adjacent segments
persisted for much of the history of the San Andreas fault (sensu striecto),
which may require fundamental differences in crustal structure between the
complex and simple fault segments.

Complications that developed in the Transverse Ranges segment during
Pliocene and early Quaternary time also have characterized the late
Pleistocene and Holocene neotectonic regime. Specifically, late Quaternary
right-lateral displacements as the Coachella Valley segment of the San Andreas
fault apparently are not carried through the southeastern San Bernardino
Mountains on any of the throughgoing right-lateral faults: not only are the
Mill Creek, Mission Creek, and Wilson Creek strands buried by unfaulted
Quaternary alluvium of progressively older age, but the Coachella Valley
segment (Mission Creek fault of some workers) appears to lose its fresh
appearance and demonstrable Holocene displacements in the vicinity of Desert
Hot Springs. The Coachella Valley segment of the Banning fault appears to
have fresher tectonic geomorphology in the northwestern Coachella Valley, and
I suggest that right-slip on the Coachella Valley segment of the San Andreas
fault may have stepped left onto the Banning fault during late Quaternary time
(fig. 1). Assuming that right-slip on the Coachella Valley segment is
comparable to that on the Mojave Desert in Cajon Pass (25 mm/year), then 25
mm/year may have been transferred from the San Andreas fault to the Banning
fault and thence into San Gorgonio Pass. In this capacity the Coachella
Valley segment of the fault probably is not a new southern strand of the San
Andreas fault zone, but instead represents late Quaternary reactivation of the
old Pliocene Banning fault as right-slip is transferred southwestward.
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San Gorgonio Pass and Crafton Hills fault system

Late Quaternary tectonism in the San Gorgonio Pass and Crafton Hills
fault system represent compressional convergence and extensional pull-apart,
respectively. The San Gorgonio Pass fault system is a late Pleistocene and
Holocene complex of east-trending reverse and thrust faults separated by
northwest-trending faults that I infer to be right-lateral tear or wrench
faults developed in the upper plates of the thrusts. The San Gorgonio Pass
fault zone thus is a compressional system that is overprinted on the older
Banning fault in the San Gorgonio Pass region. The reactivated neotectonic
Coachella Valley segment of the Banning fault feeds into the San Gorgonio Pass
compressional system, and may or may not work its way through this structural
maze and continue on to the northwest. The Crafton Hills fault zone is a
northeast-trending series of normal faults that represent late Quaternary
crustal extension normal to faults of the San Andreas system.

Neotectonic synthesis

Late Quaternary tectonism in the vieinity of the south-central Transverse
Ranges may reflect a regional tectonic regime where right slip is passed from
the Coachella Valley segment of the San Andreas fault onto the Banning fault,
through San Gorgonio Pass and onto the San Jacinto fault, and then back onto
the modern trace of the San Andreas fault in the San Bernardino valley region
(fig. 1). The San Gorgonio Pass fault system may have taken up all of the
slip on the neotectonic Banning fault through convergence within the thrust-
fault belt. Alternatively, an unknown but possibly large amount of slip may
have stepped left onto the San Jacinto fault, locally accelerating that fault
above the 8 to 12 mm/year rate determined by Sharp (1981). 1If this extra slip
steps back onto the San Andreas fault in the San Bernardino valley, then two
relations could be achieved: (1) The modern San Andreas fault would extend
as a youthful neotectonic feature southeastward from Cajon Pass to the Crafton
Hills region, but would not necessarily continue through the San Gorgonio Pass
region and on.into the Coachella Valley. This would explain the difficulty
most workers have in mapping the modern San Andreas fault through San Gorgonio
Pass. The San Bernardino strand shows this distribution pattern. (2) Right-
slip on the San Bernardino strand would not continue very far to the southeast
beyond the Crafton Hills fault system. As a result, extensional pull-apart
would be expected in this zone of normal faults. .

Neotectonic relations in the vicinity of the south-central Transverse
Ranges thus reflect a complex knot in the modern San Andreas fault zone.
However, this setting is not new. Instead, the modern neotectonic framework
merely is the latest phase of a complex history that has characterized the
Transverse Ranges segment of the San Andreas fault for the last 2 to 2.5
million years. This history can be viewed as a consequence of the repetitive
development of a left step in the San Andreas fault zone in the vieinity of
the Transverse Range segment. Northwest and southeast of this left step the
Mojave Desert and Coachella Valley segments of the San Andreas have relatively
uneventful histories; however, where the left step developed, the San Andreas
fault has responded by evolving multiple strands that succeeded each other
through time as the parent fault attempted to retain its continuity through
the region. These successive attempts are represented by the Wilson Creek,
Mission Creek, and Mill Creek strands. The modern San Andreas fault is
responding to the most recent left step by transferring slip from the
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Coachella Valley segment to the Banning fault. Virtually all of the modern
neotectonic faults in the vicinity of the south-central Transverse Ranges are
a manifestation of this left step in the San Andreas fault zone-~which poses
challenging problems for siting instrument packages designed to monitor
regional strain in anticipation of recognizing premonitory signals for a large
earthquake on the San Andreas or San Jacinto fault zone.
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Figure 1. =-- Schematic diagram illustrating relations between faults and
crustal blocks in the vieinity of the south-central Transverse Ranges,
southern California. Large solid arrows indicate the relative motion of
crustal blocks; large hollow arrows indicate lateral transfer slip. Small
solid arrows in the Crafton Hills area indicate crustal extension in the
Crafton Hills fault system. BF, Banning fault; CH, Crafton Hills, CPR, Cajon
Pass region; SAF, San Andreas fault; WC, Wilson Creek strand, San Andreas
fault. Geology taken from Matti and others, 1985. Ten mm slip-rate on the
San Jacinto fault is an average of the 8 to 12 mm rate determined by Sharp
(1981).
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Evidence on Large Southern California Earthquakes
from Historical Records

Duncan Carr Agnew

IGPP A-025
University of California
San Diego

This note is a very preliminary discussion of what evidence the noninstrumental
seismicity record gives on large earthquakes on the central San Jacinto fault (the ‘Anza
gap’) and on the southern San Andreas fault (from Cajon pass to the Salton Sea). In
order to make any very definite statement it is necessary to fix the size of the earth-
quake; in doing this I have been guided by the discussion in Sykes and Nishenko [1984].
For the Anza earthquake (called here event A) 1 have chosen a fault length of 40 km and
slip of 1 m, giving a moment of 10'® N-m (for depth 8 km) and a repeat time of 100-200
years (for a slip rate of 5-10 mm/yr). For the southern San Andreas I have considered
three possible earthquakes:

Event Length (km) Slip (m) Moment (N-m) Repeat (yr)
B: Cajon—Salton 200 4 2-10%° 160
C: Whitewater— Salton 100 2 5-10%° " 80
D: Whitewater- Salton 100 4 10%° 160

where the recurrence interval is found using a slip rate of 25 mm/yr. I have considered
two fault lengths because of the possibility that rupture does not propagate through San
Gorgonio Pass {Banning on the figures), and taken two possible slip amounts to show
(see below) how easily an increase in size can cause an earthquake to recede into the
unrecorded past (assuming we are now a fixed number of repeat times from it).

For each earthquake there are really two separate problems to be considered. First,
are there any events in the historical record which might be the ones under investiga-
tion? Before the beginning of instrumental records in 1927-28 it is impossible to associ-
ate an earthquake with a particular fault without detailed meizoseismal intensity maps
or (better) observed surface rupture. The most conservative approach is to assume that
an intensity pattern consistent with an earthquake of interest is evidence for that earth-
quake. The sparser the data, the more likely it is that the earthquake could have been
elsewhere than the place we are concerned with; we naturally may then wish to take the
possibility of association less seriously.

If no candidate emerges from the available data, we have the more difficult problem
of deciding whether or not the candidate earthquake could have been missed, or at least
obscured, in the historical record. This in turn breaks down into three questions:

What intensity distribution would be expected?
What records exist?
How likely is a particular intensity to be recorded in a given class of records?

The first question is a purely scientific one, the second a matter of historical fact, and
the third very much a matter of opinion. I begin with the first question since it also
bears on the issue of possible candidate earthquakes.
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To compute the intensity expected as a function of distance and size I have used
the formulation of Evernden et al. [1981], which for a single fault segment reduces to

I =325+ .75log My - 5.25l0g(R +~C)

where M is the moment in N-m, the magnitude being found using the relation of Hanks
and Kanamori [1979], R the distance (km) and C a constant, which Evernden et al.
take as 25-40 km. Choosing C to be 40 km gives good agreement with the expression of
Hanks et al. [1975] for the radius of the region with intensity VI or more:

log Ry; = .25log M, — 2.8

(To the degree of crudeness appropriate here we may ignore the distinction between
Ross-Forel and Modified Mercalli intensity). We then find the following table of dis-
tance vs intensity for each event:

Event Intensity
VIII  VvII VI \Y% Ry

25 60 120 200 90
60 110 200 330 200
40 90 160 260 140
50 100 180 290 170

oaow»

Figures 1 through 4 show estimated isoseismals (on alluvium) for the four events,
together with the extent of faulting; a rough ‘allowance has been made for the finite
length of the fault by elongating the isoseismals.

Turning next to the historical record and its interpretation, it must be noted that
there is an asymmetry between positive and negative evidence. Any report of an earth-
quake is evidence for one, but in trying to decide whether the absence of historical
accounts genuinely reflects the absence of an earthquake, we must be sure that the shak-
ing could not have been ignored. We may thus ignore places and times which were not
continuously inhabited by literate people (in the Californian context we may ignore oral
tradition). Passing expeditions cannot be used to rule out seismic activity; even a short
time after a large earthquake there are few signs of it in unsettled country. Given con-
tinuous habitation, the completeness of reporting depends on the importance of earth-
quake shaking, the purpose of the document, and the frequency with which entries were
made. Other things being equal, the more often a record is made the lower the intensity
that is likely to be recorded. A daily newspaper is thus a better record than a weekly,
and a weekly very much better than an annual report.

In considering the history of California from the standpoint of earthquake records,
the most useful background is provided by accounts which cover social and economic
matters, such as Bancroft [1886] and Cleland [1951]. Continuous habitation of the
coastal strip began with the founding of the missions: San Diego in 1769, San Gabriel in
1771, San Juan Capistrano in 1773, and San Luis Rey in 1798; the pueblo of Los Angeles
was founded in 1782. Before 1790 merely surviving was the most important problem,
and reports of earthquakes would be very unlikely. The Los Angeles basin and the San
Diego backcountry gradually filled with ranchos, but none were established as far east as
San Bernardino until the 1840’s. A mission outstation was established near Redlands in
1819 and was at some later time made an asistencia, though it probably was populated
mostly by Indian neophytes [Beattie 1929|. It was abandoned after an Indian attack in
1832, though the adobe walls of the one building remained standing into this century
[Beattie 1930]. Settlement of San Bernardino did not come until the Mormon colony in
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1850 Raup 1940'. The San Gorgonio pass and northern Coachella valley were unfre-
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quented until 1862, when a road was built through them over east to Arizona, with a -

branch running from Dos Palmas (near Mecca) to Yuma [Beattie 1925,. Thereafter
traffic was fairly frequent, though there were still no white residents until the Southern
Pacific built a railroad line through to Yuma in 1877. Actual settlement of the
Coachella Valley did not begin until the discovery of artesian water in 1900 [Mendenhall
1909].

Along the San Jacinto fault, Riverside was founded in 1872; San Jacinto had a
population of 92 in 1870, 625 in 1880 and 1200 in 1890. Although a post office was esta-
blished near Anza in 1888, the area remained sparsely populated until recently (the 1890
population of Cahuilla was 90). The USGS San Jacinto quadrangle published in 1900*
shows only scattered houses in the Anza valley.

Given a population, there may or may not be surviving written records. Figure 3
attempts to summarize what forms of regular reporting are available for the period
1800-1900. The sources used in compiling this figure are Geiger [1947], Dawson {1951],
Gregory [1937], Darter {1942], Pinkett et al. [1952], and Agnew et al. [1979]. As I am not
an expert on the Hispanic period of California history, I have undoubtedly missed possi-
ble sources for this time. I have not included all the weather records; particularly in the
1880’s and after there are many short series of such data available. I have not included
diaries, though they offer the best chance of filling gaps in the 1850-1880 period. I have
included newspapers because they were the main source for compilers of earlier lists, and
form the basis of much of the Townley-Allen catalog; they have not, however, all been
searched.

The historical background to this figure is that from 1769 to 1822 California was
under Spanish rule, the main organizations in the province being the missions and the
military, with a small number of colonists, mostly former soldiers. The missions made
annual reports, largely statistical but also describing building operations [Geiger 1947].
The provincial government and military produced extensive records, prlmanly adminis-

trative and tending to center on the area around the capital at Moncerey After the’

revolution in Mexico in 1811, financial support for the military ceased, leading to a gen-
eral decline. During the Spanish period California was largely closed to foreigners, so
that though an increasing number of vessels were on the coast (hunting otter and smug-
gling) they left little record.

From 1822 through 1847 the province was under Mexican rule, often very loose,
and with the military establishment steadily declining. The mission reports become less
full with the prospect of impending secularization, and cease in 1832 when it took place;
following secularization the mission buildings were often allowed to deteriorate. Less is
available from the provincial records, mostly because of the general decline in efficiency
but perhaps also because the energies of the governors were primarily spent on foment-
ing coups. Foreign trade increased throughout this period, but does not seem to have
produced any source of regular reports.

With the presence of U.S. troops from 1846 onwards the likelihood of earthquakes
being mentioned increases sharply, though at first there were no routine reports. The
economic impulse provided by the Gold Rush, though largely passing southern California
by, was strong enough to lead to increasing settlement and (more importantly for this

’Tlm is Map 15 in the Atlas volume of the 1906 earthquake report [Lawson et ai., 1908|.

MThose provincial records remaining in California were burned in 1906, though copies of many are preserved in
the Bancroft Library.



discussion) the founding of several newspapers .Dawson 1951.. Regular meteorological
reports at military posts at Yuma and San Diego :Darter 1942} also begin at this time.
Real growth did not begin until after the Civil War. and became especially great in the
1880°s. Systematic collection of earthquake reports was begun by C. G. Rockwood (of
Princeton) in 1872. and for California only by E. S. Holden in 1888, both relying on
newspaper accounts and weather observers for their raw material. Delibrate observation
of earthquake intensities was begun by the Weather Bureau in 1915.

The period before 1850 is unfavorable for earthquake reporting in several ways.
The economy was pastoral and agricultural, so that until the intensity was very high (at
least VII) the shaking would produce no important effects and not be worthy of men-
tion. Most of the records kept concern administrative and commercial matters; there are
no detailed records even of the weather, despite its obvious importance. The one regular
set of reports is the annual reports of the various missions, but short of outright disaster
these had no reason to mention earthquakes. Keeping this in mind, my own interpreta-
tion of how likely a given intensity is to be mentioned is:

V (Generally felt, no damage): likely to be mentioned in frequent (weekly or daily)
accounts, especially in meteorological records, which were concerned with natural
events.

VI (Felt by all; some panic; minor cracking in adobe or weak masonry): Almost cer-
tain to be mentioned in frequent accounts; might be mentioned in infrequent ones
(annual reports).

VII (Minor damage): likely to be mentioned in infrequent reports.
VIII (Severe damage): certain to be mentioned, except perhaps in reminiscences.

In support of these judgements, it may be noted that almost all the reports of earth-
quakes in California before 1845 mention damage, the only exceptions being diaries. Fig-
ure 6 makes this point in graphical fashion by plotting all reported intensities in San
Diego from 1790 through 1980.* Because San Diego is near the Imperial Valley,
moderate intensities are fairly frequent there, but before 1850 there is an obvious lack of
VI or below. The absence of intensity VI before 1890 probably reflects inhomogeneity in
the catalogs, since Agnew et al. {1979] did not assign such an intensity unless damage
was mentioned.

What does all this mean for our candidate events?

There do not appear to be any earthquakes in the historical lists that correspond to
any of these events. There are two shocks that could correspond to an epicenter in the
Anza area, on 9 February 1890 and 28 May 1892 (Figures 7 and 8, from Toppozada et
al., 1981). However, the absence of reported damage from Indio or San Jacinto is not
compatible with the hypothetical event A. Since the locations shown in the figures are
very dependent on the isolated reports from Yuma, they should not perhaps be taken
too seriously; in any case neither earthquake was large enough to be our event A (Figure
1). For this event, we can also probably rule out the period after 1880, since such a
shock would have caused damage at San Bernardino and Riverside; it is unlikely, but
not impossible, that it could have been missed after 1870! but before this year it easily
could have been. A shock on December 16, 1858 [Toppozada et al. 1981}, which caused

*The data come from Agnew et al. [1979], Townley and Allen {1939|, and the annual U.S. Earthquakes, cross-
checked for the larger events against Toppozada et al. [1981, 1982].

tEven as late as 1875 widely-felt earthquakes could escape the catalogs; on November 15 of that year an earth-
quake caused shaking of intensity IV in San Diego, VIII near Mexicali [Agnew et al. 1979 and VI in Yuma, but
it is not mentioned in Townley and Allen {1939].
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damaging shaking in the San Bernardino area. would be consistent with a possible Anza
event, and also many others. Before 1850 'such an event could easily have passed
unrecorded.

Events C and D can certainly be ruled out after 1877, since a railroad ran through
the middle of the meizoseismal area. As either event would have created ‘newspaper-
worthy’ shaking in Los Angeles and San Diego and been damaging in San Bernardino,
they can almost certainly be ruled out for the years from 1851 until then. For the Span-
ish and Mexican period it is harder to be definite, but it is my opinion that since neither
event would have caused serious damage in centers of population, either could have
passed unrecorded, especially in the years 1832-1845. Of course, for event C the short
repeat time means that, even putting the event this late, we are long overdue for
another; the doubling of the repeat time for event D means that we might well not be.
This shows how weak a constraint the historical records provide on possible seismic risk,
no doubt inevitably in view of their brevity. Event B, mostly because of the greater
rupture length, has much higher intensities in the Los Angeles area and slightly higher
ones in San Diego. It very probably would have been reported during the active period
of the missions (1790-1832), and probably would have been mentioned even in the 1832-
1845 interval. If this type of event is typical we may say that the last one probably
occurred before 1790.

This discussion has inevitably involved a great deal of handwaving; can anything be
done to improve it? Better modelling of expected intensities would certainly help,
though the uncertainties will probably always be large. A systematic search for earth-
quake reports in the older archives has not been made since Bancroft’s work in the 19th
century; another search might or might not turn up anything new, but would at least
guarantee that what might be there has been looked for. Somewhat the same would be
true of a review of the available newspapers before 1880; though there is probably not
much that was missed in compiling the Townley-Allen catalogue, some shocks were, and
so a thorough search of the Los Angeles and San Bernardino records through about 1880
would be worthwhile.
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APPENDIX A. 8.
Earthquake Potentials along the San Andreas Fault

Kerry Sieh
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Summary Statement for NEPEC March 29, 1985

by Kerry Sieh

Based upon the historical and prehistorical record, three segments of the San
Andreas fault in southern California appear to be most likely to generate a larger (M 7)
earthquake within the next 50 years. These segments are labeled 2, 5 and 6 in Figure |.
Segments labeled |, 3 and 4 are unlikely to generate large earthquakes within the next 50
years.

Segment 5 is the southern portion of that reach of the fault which last broke in
1857 (see Fig. 2). Offsets along segment 5, have commonly been about 3 meters (Fig. 3,
from Sieh and Jahns, 1984) and the average recurrence interval between the latest 12
large slip events is between 100 and 200 years. (Fig. 4, from Sieh, 1984). The probability
of a large (M 7) earthquake along this segment within the next 50 years is about 50%.

Segment 6 is the only portion of the San Andreas fault that has not sustained large
offsets in the period of historical record. Nevertheless, the record of the geologically
recent past leaves no doubt that this segment is as active as other segments. The long-
term slip rate of this segment is about 25mm/yr. (Figs. 2 and 5, from Weldon and Sieh,
1985). Work in progress near Indio suggests that this segment of the fault produces large
earthquakes about as often as those historically active sections to the northwest. This
observation, coupled with the historical dormancy of this reach and its local low-level
creep, lends credence to suggestions that segment 6 has a high probablh'ry of generating
a large destructive earthquake within the next several decades.
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Figure 10. Right-lateral offsets measured along the south-central (1857) segment of the San
Andreas fault suggest that slip at each locality is characterized by a particular value. Solid
circles are data from Sieh (1978¢), with poor-quality data deleted. Open circles are data from
Davis (1983). Triangles are new data and remeasurements at sites reported by Sieh (1978¢).
Open squares are new data. Vertical bars indicate magnitude of imprecision in measurement.



FIGURE:

TABLE 2. Estimated Dates of Latest 12 Earthquakes at Pallett Creek

Event Date* A.D. Remarks
YA 1857 Historically documented.
X 1720 = SO Unit 81 date is within period from 140 to 305 years B.P.*
(i.e.. 1730 + 80 A.D.): event occurs at top of uni,
so ~ 20 years must be added 10 unn 81 date’. thus
1750 + 80 A.D.. historical record preciudes event
after 1769, thus 1720 + S0 A.D.
v 1550 =70 Weighted average of upper unit 68 (14051630 = 1518 = 112 A.D))
and unit 72 (1485-1660 = 1573 + 88 A.D.). which bracket the
. earthquake horizon.
T 1350 = SO Unit 61 date is within period from 1280 1o 1380 (ie..
1330 + 50 A.D.): event occurs at top of unil. so ~ 20 years must
be added (o unit 61 date. thus 1350 = 50 A.D.
R © 1080 = 65 Weighied average of samples PC-223a. PC-28. and PC-207c.

which bracket the earthquake honzon.

TABLE 3. Esumated Dates of Earthquahes A Through N, Using

Alternate Method 4
Event Date. AD.
N 101§ = 100
| 938 - 85
F 845 = 78
D 735 = 60
C 590 = S5
B 350 = 80 l
A 260 =
Numper of eorthquakes before presen’
4 s 7 Q! !
00—t 2 & T & 2 C 2
\ 857
1805 average 4
. v intervai
1602 =145+ 8yrs 4

_182CFH 4
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< 20ch 4
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Fig 16  Revised dates of cach earthquahe at Pallett Creeh
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APPENDIX A. 9.

Forecast Model for Large and Great Earthquakes in
Southern California

W. D. Stuart
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Forecast Model for Large and Great Earthquakes in
Southern California

W. D. Stuart
U.S. Geological Survey
525 S. Wilson Ave.
Pasadena, California 91106

This report describes a procedure for trying to forecast large and
great earthquakes on the locked section of the San Andreas fault in
southern California. Like numerical weather forecasting, the procedure
combines a mechanical theory with repeated field measurements. The
mechanical theory is a quasistatic instability model which simulates
both pre- and coseismic faulting; the field measurements are a set of
lengths, slips, and times of historic and prehistoric earthquake offsets
reported in Sieh and Jahns (1984). The field data constrain values of
model parameters, such as the shape of an assumed stress-slip law for
the fault and the variation of fault strength along strike between
Parkfield and the Salton Sea.

Once parameter values are set, the model is potentially useful for
earthquake prediction in two ways. First, since model instabilities and
offset data for past times agree fairly well, model instabilities
corresponding to future times are predictions of future earthquakes.
However, the uncertainties of predicted future times would be comparable
to uncertainties of recurrence intervals of past earthquakes. Thus a
prediction made this way with a model would be no more precise than a
prediction made using probabilities and recurrence intervals, except to
the extent that the model accounts for variable recurrence times, for
example through interaction of different instabilities.

The second way to use a model for prediction is to exploit the
accelerated fault slip that occurs shortly before instability. The
accelerated fault slip occurs mainly at depth and is large enough to
cause recognizable rate changes in lengthening of hypothetical
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trilateration lines on the ground surface. Since the time scale of the
precursory deformation is a fraction of the recurrence interval, the
precision of a forecast would be considerably increased over the
precision of a forecast based on just recurrence times. In the rest of
this report I shall describe the model, then show a comparison of
theoretical and observed earthquake times, and finally present computed
length changes of hypothetical trilateration lines.

The details of the model are given in Stuart (1984) and Stuart et
al. (1985). Figure 1 is a perspective sketch showing the seismogenic
part of the fault zone as a long patch of brittle rock. At every
position on the patch the fault is assumed to obey a Gaussian shaped
stress-slip law, o ovs. u , as shown at the bottom of Figure 1. The
peak stress (strength) S of the fault varies with depth and distance
along strike. Starting at the ground surface, peak stress increases
downward to a maximum value at 6 km, then decreases towards greater
depth; the patch is effectively 12 km high. The variation of peak
stress along strike is a free parameter whose functional values are
found by trial so that the model simulates the offsets in Sieh and Jahns
(1984). The part of the remaining fault plane closest to the patch is
assumed to undergo free slip. The fault plane farther from the patch
and surrounding the free slip area is subjected to an imposed fault slip
rate which is the forcing in the problem. The increasing imposed slip
approximates the relative motion of the North America and Pacific
plates, and loads the patch sections toward unstable failure. The
failure time of a particular patch section will depend on the patch
strength and the prior failure sequence of all patch sections.
Immediately after a patch section fails, the section is assumed to heal
to full strength so that another instability can occur in the future.

Figure 2 shows the geometry of the boundary value problem. for the
qualitative model in Figure 1. Figure 2a is a map view showing how the
traces of the San Andreas, Imperial, Cerro Prieto, and San Jacinto
faults are approximated by straight segments. Each trace segment is the
top edge of a vertical, rectangular, planar area which is a dislocation
surface. Most of the rectangular areas are divided into smaller
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rectangular areas; all rectangular areas have uniform slip and are
referred to as cells. Figure 2c shows the cells in side view. Cells in
shaded areas have the imposed slip rate indicated, whereas slips of all
other cells are computed results.

The simulation of fault slip vs. time for all non-imposed slip
cells is obtained by numerically solving a system of simultaneous
nonlinear equations. Each equation has the form of (1) and expresses

o+ 39 - 2f = 0 (1)

shear stress equilibrium at a cell center. The terms in equation (1)
are t’ , the dislocation stress from imposed slip rate cells; It d ,
the sum of all other dislocation shear stresses; and T f , the Gaussian
stress-s1ip law. In general, fault slip and stress vary with time and
from cell to cell. Since the patch is relatively strong, slip of patch
sections lags slip elsewhere until the patch sections catch up during
unstable slippage. The tTP(E) plot in Figure 2b shows the inferred
variation of patch strength. P , which is assumed to have piecewise
linear variation along strike, is found to have five sections of
alternately low and high strength. The high strength sections coincide

approximately with the major bends or structural knots of the fault.

Figure 3 is a space-time diagram showing the lengths and dates of
instabilities. The names R, T, V, X, and Z correspond to earthquake
offsets of the same names in Sieh and Jahns (1984). Numbers in
parentheses are estimated dates of offsets at specific field sites. The
dates near Indio are from Sieh (1984b) and are preliminary. The
remaining dates are from Sieh and Jahns (1984) and Sieh (1984a). The
main assumptions for the model are that earthquake R broke the entire
locked section of the fault, and that earthquake X broke from Lake
Hughes to the Salton Sea. In the simulation, the next future unstable
slips occur on patch section 1 in 1993, section 5 in 1993, and section 3
in 2052.

The remaining four figures show the length changes of hypothetical
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trilateration lines before the two instabilities in 1993. Figures 4 and
5 show the length changes of lines which are respectively lengthening
and shortening before unstable slip of section 1. Curves on the plots
have been shifted vertically so that from top to bottom they are in
north-south order along the fault. The small kinks in computed curves
are due to the time step size of one year. The inset diagram in each
figure is a fault trace map showing the location and orientation of
lines. Line ends are numbered, and a line is identified by a number
pair. Llocations of line ends are chosen to detect changes in fault slip
rate at about 10 km depth, which is where part of the fault patch fails
years to decades before instability. Patch section ends are marked by
ticks for reference.

In Figures 4 and 5, the lengthening rates are constant until about
15 years before instability, which appears as a jump of line length in
the year 1993. Lines 1-2, 2-3, 3-4, and 4-5 show rate changes starting
about 1980. The light lines are extrapolations of earlier trends. The
predicted rate changes for several of the lines are large enough to be
detected by current geodetic techniques using a geodolite. The small
symbol just above line 1-2 at the 1980 position is a representative
error bar (1 cm) of actual trilateration surveys. For unknown reasons,
successive annual measurements often have a scatter about a long term
trend line of one or more times an error bar height. Consequently, it
appears that several years of semi-annual measurements would be needed
to detect the precursory rate change of line 1-2.

Figures 6 and 7 are similar plots for trilateration lines near
patch section 5. Preinstability rate changes are much less prominent
than in Figures 4 and 5, and start only a few years prior to
instability. The height of the error bar symbol above line 27-28 at the
1980 position suggests that such precursory rate changes could be
detected in field data.

Results of this and other model simulations suggest that in general
accelerated fault slip and ground surface deformation are large enough
to detect with existing geodetic instruments. Therefore, if the model
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is realistic, there is a good chance that a large or great earthquake
could be anticipated if a sufficient number of properly located
trilateration lines are measured frequently enough. Usually the largest
preinstability rate changes occur at patch section ends, where fault
strength undergoes a jump, and these locations would be the best
locations for installation of new trilateration lines. The model needs
more refinement and testing to put bounds on the likely amplitudes and
onset times of precursory deformation. The most useful field data for
constraining the model would be measurements of repeated earthquake
offsets along patch section 1, 4, and 5.
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Figure 4. Computed length changes of trilateration lines 1-2, 3-4, 5-6,
and 7-8 prior to unstable slip of patch section 1 in 1993,
Inset map shows locations of lines and patch sections with
respect to fault trace.
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Computed length changes of trilateration lines 2-3, 4-5, 6-7,
and 8-9 prior to unstable slip of patch section 1 in 1993,
Inset map shows locations of lines and patch sections with

respect to fault trace.

Figure 5,
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Figure 6. Computed length changes of trilateration lines 21-22, 23-24,
25-26, 27-28, and 29-30 prior to unstable slip of patch
section 5 in 1993. 1Inset map shows locations of lines and
patch sections with respect to fault trace.
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Figure 7, Computed length changes of trilateration lines 20-21, 22-23,
24-25, 26-27, and 28-29 prior to unstable slip of patch
section 5 in 1993, Inset map shows locations of lines and
patch sections with respect to fault trace.
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Forecast Model for Large and Great Earthquakes in
Southern California

W. D. Stuart
J.S. Geological Survey
525 S. Wilson Ave.
Pasadena, California 91106

This report describes a procedure for trying to forecast large and
great earthquakes on the locked section of the San Andreas fault in
southern California. Like numerical weather forecasting, the procedure
combines a mechanical theory with repeated field measurements. The
mechanical theory is a quasistatic instability model which simulates
both pre- and coseismic faulting; the field measurements are a set of
lengths, slips, and times of historic and prehistoric earthquake offsets
reported in Sieh and Jahns (1984). The field data constrain values of
model parameters, such as the shape of an assumed stress-slip law for
the fault and the variation of fault strength along strike between
Parkfield and the Salton Sea.

Once parameter values are set, the model is potentially useful for
earthquake prediction in two ways. First, since model instabilities and
offset data for past times agree fairly well, model instabilities
corresponding to future times are predictions of future earthquakes.
However, the uncertainties of predicted future times would be comparable
to uncertainties of recurrence intervals of past earthquakes. Thus a
prediction made this way with a model would be no more precise than a
prediction made using probabilities and recurrence intervals, except to
the extent that the model accounts for variable recurrence times, for
example through interaction of different instabilitijes.

The second way to use a model for prediction is to exploit the
accelerated fault siip that occurs shortly before instability, The
accelerated fault siip occurs mainly at depth and is large encugh to
cause recognizable rate changes in lengthening of hypothetical
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trilateration lines on the ground surface. Since the time scale of the
precursory deformation is a fraction of the recurrence interval, the
precision of a forecast would be considerably increased over the
precision of a forecast based on just recurrence times. In the rest of
this report I shall describe the model, then show a comparison of
theoretical and observed earthquake times, and finally present computed
length changes of hypothetical trilateration lines.

The details of the model are given in Stuart (1984) and Stuart et
al. (1985). Figure 1 is a perspective sketch showing the seismogenic
part of the fault zone as a long patch of brittle rock. At every
posftion on the patch the fault is assumed to obey a Gaussian shaped
stress-slip law, ™ ovs. , as shown at the bottom of Figure 1. The
peak stress (strength) S of the fault varies with depth and distance
along strike. Starting at the ground surface, peak stress increases
downward to a maximum value at 6 km, then decreases towards greater
depth; the patch is effectively 12 km high. The variation of peak
stress along strike is a free parameter whose functional values are
found by trial so that the model simulates the offsets in Sieh and Jahns
(1984). The part of the remaining fault plane closest to the patch is
assumed te undergo free slip. The fault plane farther from the patch
and surrounding the free slip area is subjected to an imposed fault slip
rate which is the forcing in the problem. The increasing imposed slip
approximates the relative motion of the North America and Pacific
plates, and loads the patch sections toward unstable failure. The
failure time of a particular patch section will depend on the patch
strength and the prior failure sequence of all patch sections.
Immediately after a patch section fails, the section is assumed to heal
to full strength so that another instability can occur in the future.

Figure 2 shows the geometry of the boundary value problem for the
qualitative model in Fiqure 1. Figure 2a is a map view showing how the
traces of the San Andreas, Imperial, Cerro Prieto, and San Jacinto
faults are approximated by straight segments. Each trace segment is the
top edge of a vertical, rectangular, planar area which is a dislocation
surface, Most of the rectangular areas are divided into smaller
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rectangular areas; -all rectangular areas have uniform slip and are
referred to as cells. Figure 2c shows the cells in side view. Cells in
shaded areas have the imposed slip rate indicated, whereas slips of all
other cells are computed results.

The simulation of fault slip vs. time for all non-imposed slip
cells is obtained by numerically solving a system of simultaneous
nonlinear equations. Each equation has the form of (1) and expresses

o o+ 54 - «f =0 (1)

shear stress equilibrium at a cell center. The terms in equation (1)
are 1" , the dislocation stress from imposed slip rate cells; It d s
the sum of all other dislocation shear stresses; and T f , the Gaussian
stress-slip law. In general, fault slip and stress vary with time and
from cell to cell. Since the patch is relatively strong, slip of patch
sections lags slip elsewhere until the patch sections catch up during
unstable slippage. The tP(£) plot in Figure 2b shows the inferred
variation of patch strength. P |, which is assumed to have piecewise
linear variation along strike, is found to have five sections of
alternately low and high strength. The high strength sections coincide

approximately with the major bends or structural knots of the fault.

Figure 3 is a space-time diagram showing the lengths and dates of
instabilities. The names R, T, V, X, and Z correspond to earthquake
offsets of the same names in Sieh and Jahns (1984). Numbers in
parentheses are estimated dates of offsets at specific field sites. The
dates near Indio are from Sieh (i984b) and are preliminary. The
remaining dates are from Sieh and Jahns (1984) and Sieh (1984a). The
main assumptions for the model are that earthquake R broke the entire
Tocked section of the fault, and that earthquake X broke from Lake
Hughes to the Salton Sea. In the simulation, the next future unstable
s1ips occur on patch section 1 in 1993, section 5 in 1993, and section 3
in 2052.

The remaining four figures show the length changes of hypothetical
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trilateration lines before the two instabilities in 1993. Figures 4 and
5 show the length changes of lines which are respectively lengthening
and shortening before unstable slip of section 1. Curves on the plots
have been shifted vertically so that from top to bottom they are in
north-south order along the fault. The small kinks in computed curves
are due to the time step size of one year. The inset diagram in each
figure is a fault trace map showing the location and orientation of
lines. Line ends are numbered, and a line is identified by a number
pair., Locations of line ends are chosen to detect changes in fault slip
rate at about 10 km depth, which is where part of the fault patch fails
years to decades before instability. Patch section ends are marked by
ticks for reference.

In Figures 4 and 5, the lengthening rates are constant until about
15 years before instability, which appears as a jump of line length in
the year 1993, Lines 1-2, 2-3, 3-4, and 4-5 show rate changes starting
about 1980. The light lines are extrapolations of earlier trends. The
predicted rate changes for several of the lines are large enough to be
detected by current geodetic techniques using a geodolite. The small
symbol just above line 1-2 at the 1980 position is a representative
error bar (1 cm) of actual trilateration surveys. For unknown reasons,
successive annual measurements often have a scatter about a long term
trend 1ine of one or more times an error bar height. Consequently, it
appears that several years of semi-annual measurements would be needed
to detect the precursory rate change of line 1-2,

Figures 6 and 7 are similar plots for trilateration lines near
patch section 5. Preinstability rate changes are much less prominent
than in Figures 4 and 5, and start only a few years prior to
instability. The height of the error bar symbol above line 27-28 at the
1980 position suggests that such precursory rate changes could be
detected in field data.

Results of this and other model simulations suggest that in general
accelerated fault slip and ground surface deformation are large enough
to detect with existing geodetic instruments. Therefore, if the model
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is realistic, there is a good chance that- a large or great earthquake
could be anticipated if a sufficient number of properly located
trilateration 1ines are measured frequently enough. Usually the largest
preinstability rate changes occur at patch section ends, where fault
strength undergoes a jump, and these locations would be the best
locations for installation of new trilateration lines. The model needs
more refinement and testing to put bounds on the likely amplitudes and
onset times of precursory deformation. The most useful field data for
constraining the model would be measurements of repeated earthquake
offsets along patch section 1, 4, and 5.
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Figure 4, Computed length changes of trilateration lines 1-2, 3-4, 5-6,
and 7-8 prior to unstable slip of patch section 1 in 1993.
Inset map shows locations of lines and patch sections with
respect to fault trace.
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Computed length changes of trilateration lines 2-3, 4-5, 6-7,
and 8-9 prior to unstable slip of patch section 1 in 1993,
Inset map shows locations of lines and patch sections with

respect to fault trace.

Figure 5.
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Figure 6. Computed length changes of trilateration lines 21-22, 23-24,

25-26, 27-28, and 29-30 prior to unstable slip of patch
section 5 in 1993, Inset map shows locations of lines and
patch sections with respect to fault trace.
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Computed length changes of trilateration lines 20-21, 22-23,
24-25, 26-27, and 28-29 prior to unstable siip of patch
section 5 in 1993. Inset map shows locations of lines and
patch sections with respect to fault trace.

Figure 7.
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ABSTRACT

The probability that an earthquake in southern California (M > 3.0)
will be followed by an earthquake of larger magnitude within 5 days and
10 km (i.e., will be a foreshock) is shown to be 6% + .5% (1 S.D.), and
to be independent of the magnitude of the possible foreshock between M=3
and M=5. The probability that an earthquake will be followed by a M >
5.0 iAInshock, however, increases with magnitude of the foreshock from
less than 1% at M > 3 to 6.5% * 2.5% (1 S.D.) at M > 5. The mainshock
is most likely to occur in the first hour after the foreshock and the
probability that a mainshock will occur decreases with elapsed time from
the occurrence of the possible foreshock by approximately the inverse of
time. Hence, the occurrence of an earthquake of M > 3.0 in southern
California increases the earthquake hazard within a small space-time

window several orders of magnitude above the normal background level.

INTRODUCTION

Previous studies of the nature of foreshocks [e.g., 1, 2, 3, 4, 5,
6, 7] have concentrated on estimating the rate of foreshock occurrence
before moderate and large earthquakes and thus have looked backwards in
time (i.e., given a group of mainshocks, how many were preceded by fore-
shocks?) These studies have shown that a significant percentage of
earthquakes have been preceded by foreshocks (5% [6] to 50% [1] depen~-
ing on the tectonic regime and definition of foreshock; 35% in southern
California [7]) suggesting that foreshocks could be a useful tool for
short-term earthquake hazard assessment. Obviously, whether or not an

earthquake was preceded by a foreshock is known by the time the
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mainshock occurs. For real time earthquake hazard assessment, the
probability that a given earthquake will be a followed by a mainshock,
rather than preceded by a foreshock is needed.

This paper determines the percentage of earthquakes by magnitude
that were followed by earthquakes of larger magnitude in southern
California in the last 52 years and from this the probability that an
earthquake will be a foreshock. The distribution of the temporal
spacing between foreshocks and mainshocks is also analyzed to provide an
estimate of the decay in earthquake hazard with time after a possible

foreshock has occurred.

DATA

All earthquakes recorded in the catalogue for southern California
(from 32°0'N to 36°30'N and 122°0'W to 115°0'W) from 1932 to July 1983
with a local magnitude (HL) greater than 3.0 have been considered. The
data were obtained from the southern Californian catalogue compiled and
updated by the California Institute of Techmnology {8]. Only M > 3.0
earthquakes have been included because that is the estim;ted level of
completeness of the catalogue for this time [9] and also because most of
the foreshocks to damaging earthquakes have beem above that gagnitude
[10].

Aftershocks were removed from the data set since the probability
that an obvious aftershock will be followed by a larger earthquake 1is
not the objective of this study. This was done by defining an after-
shock as an earthquake with a magnitude smaller than that of the main-
shock within a space-time window whose size is determined by the magni-~

tude of the mainshock. The space-time window used was (Mp,q,~ 3.)* 40



127
-& Jones,L.

days and (nmain3 * 0.2) km. Excluding these aftershocks, a total of
4811 earthquakes has been reported in southern California of M > 3.0
from 1932 to July 1983.

Each non-aftershocks was were followed by a larger event within 5
days was considered to be a foreshock, 8o that if multiple foreshocks
preceded a mainshock each foreshock was counted individually. This does
not strongly affect the results since most mainshocks were preceded by
onlf one foreshock as 18 shown in Table 1 where the number of mainshocks
preceded by a given number of foreshocks is shown. Moteovef, in all 18
sequences with 3 or more foreshocks of M > 3.0, every foreshock had a

magnitude equal to or greater than the preceding foreshocks.

ANALYSIS

Identifying Foreshocks. A precise definition of foreshocks ( a

space~time window in which a possible mainshock could occur) is required
to allow probabilities to be calculated. The optimum space-~time window
should be large enough that most (but not necessarily all) foreshock-
mainshock sequences will be included but small enough that the reéulting
probabilities of a larger earthquake occurring within that window will
be significantly above background level and thus useful for earthquake
hazard assessment.

The observed distribution of earthquakes with magnitudes larger
than the first earthquake in a 30 km circle (by km) for 30 days (by day)
after all non—aftershocké is shown in Figure 1. C(Clearly, the distribu-
tion in space and time of mainshocks after foreshocks is not uniform.
Mainshocks occur most frequently in the first day after the foreshocks

and within 1 km of the foreshock epicenter; the rate of occurrence
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decays strongly with time and distance from ‘the foreshock. Since the
purpose here is to maximize the usefulness of a definition of foreshocks
rather than to ensure that all foreshock-mainshock pairs are included,
the space-time window for defining a foreshock was chosen to be 5 days
and 10 km. Beyond this window, the occurrence of earthquakes is no more
than 100 above the mean rate of occurrence. This spacing between fore-
shock and mainshock is comparable to those found in studies of recent
sequences [7,11]. When the term “foreshock” 1s used in the rest of this
paper, it will mean that another earthquake, larger than the foreshock,
was listed in the catalogue within 5 days after the foreshock and with
an location less than 10 km from the epicenter of the foreshock.

Probabilities by Magnitude. Available earthquake catalogues can be

used to predict future patterns of seismicity by assuming that the
foreshock process is stationary, i.e., that foreshocks are as likely to
occur in the next 50 years as in the last 50 years. It is then’ possible
to consider the distribution of foreshocks in the set of all earthquakes
as a binomial distribution and the earthquakes that have been recorded
in the last 52 years as a random selection of all of the earthquakes
that have and will occur in southern California. The percentage, p, of
earthquakes that are foreshocks is then an estimate of the probability
that a future earthquake will be a foreshock. The first standard
deviation of this estimate is (ap(l-p) )1/2 where n is the total number of
earthquakes [12].

The cumulative number of earthquakes at or above a given magnitude
is shown in Fig 2 for a) all earthquakes in the data set, b) all fore-
shocks by the above definition, c¢) foreshocks followed by M > 4.0 main-

shocks, and d) foreshocks followed by M > 5.0 mainshocks [13]. Using
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the maximum 1likelihood method [14], the relationship between the
cumulative number of earthquakes, N, and magnitude, M, was found to be,
log(N) = 6.18 = (0.83%.02)*M (1)
for all earthquakes, and |
log(N) = 4.85 - (0.83%.10)*M (2)
for the foreshocks. The magnitude coefficients (called b-values) are
the same for both foreshocks -and all earthquakes (0.83) suggesting a
lack of dependence on magnitude for the distribution of foreshocks.
The probability that an earthquake of M > 3.0 in southern Califor-
nia will be followed by an earthquake of a larger magnitude within 5
days and 10 km is approximately 6% * .52 (1 SD) (Fig 3). The probabil-
ity that an earthquake will be a foreshock and the standard deviation of
that probability, shown as a function of magnitude in figure 3, were
calculated by aividing the total number of foreshocks at or above a
given magnitude by the total number of earthquakes at that or greater
magnitude. As suggested by the b-values, no strong dependence on mag-
nitude can be seen. The standard deviations of the estimates increase
with magnitude because of the decrease in size of the data set so tl{e
lack of magnitude dependence is not definitive. Because no foreshock
has been reported in southern California larger than M = 5.4 the proba-
bility that a larger earthquake will be a foreshock cannot be estimated.
A dependence on magnitude is seen in the probability that an earth-
quake will be a foreshock to a potentially damaging M > 5.0 mainshock
(Fig 3). A M > 3.0 earthquake has a 1% chance of being followed by a M
2 5.0 mainshock but a M > 5.0 earthquake has a 6.5% chance of being
followed by another M > 5.0 earthquake. This magnitude dependence is

shown more clearly in figure 4 where the difference in magnitudes be-
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tween foreshocks and their mainshocks is plotted against the cumulative
number of foreshock-mainshock pairs with that or greater difference in
magnitude. A maximum-likelihood fit to this data shows that the number
of foreshock-mainshock pairs (N) with a magnitude difference greater
than or equal to AM is;
log(N) = 2.4 - (0.73+.12)*AM. (3

Thus, the magnitude distribution of mainshocks after foreshocks 1is
apprc.bx‘imately the same as independent earthquakes (Eq. 1) The average
difference in magnitude of foreshocks and mainshocks is not 2.0 units of
magnitude as has been suggested previously [15].

Decay in Earthquake Hazard with Time. The probability that an

earthquake will be a foreshock 1s observed to decrease quickly with
elapsed time from the occurrence of the foreshock. Figure 5 shows the
number of mainshocks still to occur plotted against the time (by hour)
from the foreshock for the 287 foreshock-mainshock pairs in the data
set. The first hour after the foreshock is the most 1likely to contain
the mainshock; 262 of the mainshocks occur within that time. Within one
.day, 70X of the mainshocks will have occurred. Fitting a power curve to
these data gives a rate of decay in hazard of time =9, The rate of
occurrence of mainshocks of M > 4.0 and M > 5.0 also decays with time
after the foreshock by time™*7 and time™-6 respectively. This sugges—
tion of a slower time decay for larger mainshocks is smaller than the
errors. The temporal decay in the occurrence of mainshocks after

foreshocks 1s thus very similar to the decrease in the occurrence of

aftershocks after mainshocks which is inversely proportional to time.
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DISCUSSION

The occurrence of an earthquake of M > 3.0 in southern California
increases the probability of a larger earthquake occuring within 10 km
and S5 days to 6Z. The magnitudes of the possible mainshocks have a
normal b-value distribution above the magnitude of the foreshock. The
probability of a larger earthquake occurring decays rapidly with time
after the possible foreshock. Combining these results, the probability
per hour, P(Hm), that an earthquake of M > M, will occur within one hour
after time t(hr) after an earthquake of M = Mg is;

POY) = 0.02 * 1072 (Mg = Me) & (¢4 nr)™? (4.

Although the short-term earthquake hazard increases several orders
of magnitude above the background rate after the occurrence of an earth-
quake as shown here, the absolute probability of an earthquake occurring
is still quite low. Aki [16] has shown, however, that increased earth-
quake hazard resulting from independent precursors can be combined by
considering the probability gain resulting from each precursor. If the
probabilities are small, the probability of an earthquake occurring is

P =P, * (P,/P,) ; (Py/Py) * «oo. (5)
where P, is the backgréund rate of occurrence, Py is the pfobablility
due to precursor a, Py is the probability from precursor b, etc. The
ratio of Pa/P° for foreshocks can be quite high depending on the size of
the possible foreshock and the background rate.

The potential usefulness of this method can be shown by considering
the probablity of a major eatthquﬁke occurring on the San Andreas
Fault. This southern most section of the fault (called the Indio
section, fron'the Salton Sea to Cajon Pass) 1is estimated to have a

recurrence interval of 250 yrs for M 7.5 earthquakes [17]. This gives
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a background rate of 0.004/yr or 4.6 x 107 /hr. It has been about 300
years since the last earthquake in Indio so the present probability of a
M = 7.5 earthquake 1s .03/yr [17] or 3.5x10‘7/hr. This gives a probabil-
ity gain from being at the end of the seismic cycle of 7.5. If a M=5.5
earthquake were to occur at one end of this section, either at Mecca
Beach on the Salton Sea or at Cajon Pass, the probability of a M=7.5
earthquake occurring in the next hour would be (by Eq. 4) .0008. By Eq.
S, thé ‘total probability of a M=7.5 earthquake occurring in the next
hour would be .0008 times the probability gain of 7.5 or .6%, or 1.8% in
the next 5 days. The probability of a M=7.5 earthquake occurring after
a M=6.0 earthquake in Mecca Beach or Cajon Pass would be, by the same
rationale, 1.47 for the first hour and 4.27 for the first S days.

The well constrained spatiai and temporal limits of this earthquake
hazard means that any earthquake preparation megsures that were under-
taken on this basis would ounly be required within a limited region and
need only be maintained for a few days. However, the transitory nature
of the hazard and the high probability of the mainshock occuring within
the first hour also means that a decision to undertake any earthquake
preparation measures on the basis of these probabilities would have to
be made before the possible foreshock occurs. In addition, for this
hazard assessment to be of use, information about the location and
magnitude of the possible foreshock would have to ba quickly proccessed
and disseminated.
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FIGURE CAPTIONS

Fig 1. A 3-dimensional histogram of the number of earthquakes
recorded within 30km (by km) and 30 days (by day) after all of the 4811
non—-aftershocks in the southern California catalogue larger than the
original earthquake. The peak at ] day and 1 km has been halved (from
the actual 120 events) for plotting. '

Fig 2. The cumulative number of earthquakes recorded in southern
California from 1932 to July 1983 at or above each magnitude level as a
function of magnitude. Also shown are the cumulative number of
foreshocks, foreshocks to M > 4.0 mainshocks and foreshocks to .M > 5.0
mainshocks. Equations 1 and 2 are shown by the solid lines.

Fig 3. The probability that am earthquake in southern California
will be followed by a larger earthquake within 5 days and 10 km as a
function of the magnitude of that ‘earthquake (solid line). The dashed
line shows the probability of being followed by a M > 4.0 mainshock and
the dotted line shows the probability that an earthquake will be
followed by a M > 5.0 mainshock. The vertical bars show the standard
deviation in the estimates of probability for each magnitude level.

Fig 4. The cumulative number of foreshock-mainshock pairs with a
difference in magnitude at or above each magnitude level as a function
of difference in magnitude. Only pairs recorded after 1943 (when
magnitudes were first given to the nearest .l unit instead of .5 unit)
are used.

Fig 5. The number of mainshocks still to occurr as a function of

elapsed time from the foreshock.
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Magnitude of Mainshock
# of foreshocks
in sequence 3.0-3.9 4,0-4.9 5.0=5.9 > 6.0 Total
1 102 51 11 2 166
2 14 13 4 0 31
3 3 8 0 0 11
4 0 4 1 1 6
5 1 0 0 0 1

Table 1. The number of mainshocks preceded by a given number of
foreshocks as a function of the magnitude of the mainshock.
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CIT (California Institute of Technology) - USGS
Catalog Events 1979-1984

C. Johnson
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A Review of Earthquake Stress Drop Determination Along
the San Andreas and San Jacinto Fault Zones, Southern California

Arthur Frankel



A Review of Earthquake Stress Drop Determinations Along
the San Andreas and San Jacinto Fault Zones, Southern
California

Arthur Frankel
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Ca. 91109

There have been several studies in the past fifteen years of the stress drops of earthquakes in
southern California. In this summary, I will concentrate on determinations of static stress drops
for events along the San Andreas and San Jacinto faults made from recordings at local and
regional distances (excluding data from the Anza seismic network), since these calculations are the
most common. My major conclusion is that we actually know very little about the spatial and
temporal variations of seismic stress drop along these fault zones in southern California. Our
knowledge is limited by the inadequacy of the present instrumentation in this critical region of
the United States. However, there is encouraging, albeit limited, evidence that stress drop deter-
minations, when carefully corrected for path effects, are useful to the prediction of moderate-sized
earthquakes in this area.

It should be noted that stress drop determinations are highly model dependent, so that abso-
lute values ape less reliable than relative differences in stress drop determined from the same tech-
nique and source model. Static stress drop calculations require estimates of the seismic moment
and faulting dimension. The source size can be determined from the corner frequency of the dis-
placement spectrum (Brune, 1970) or from the duration of the displacement or velocity pulse. In
general, the highest stress drops reported in southern California are in the hundreds of bars.

Wyss and Brune (1971) determined the apparent stress (rigidity -energy /moment) for about
300 events (M 3-8) in southern California, using the ratio of short (1 sec) to long (= 20 sec)
period seismic amplitudes. They concluded that most events along the San Andreas and San
Jacinto fault zones (excluding aftershocks of the Borrego Mountain earthquake) had average
apparent stresses. Earthquakes near San Gorgonio Mountain in the Big Bend region of the San
Andreas fault had higher than average apparent stresses. However, the study had many limita-
tions, such as the lack of depth and path corrections and the inadequacy of the M, scale as a
measure of energy. Thus, these reported regional differences in apparent stress must be considered
highly tentative. Analysis of recordings from broad-band instruments at closer epicentral distances
is required to substantiate these variations.

Thatcher and Hanks (1973) calculated the stress drops of over a hundred events in southern
California using spectra from analog recordings of torsional instruments at epicentral distances
ranging up to about 300 km (Figure 1). The central finding of this study was that stress drops
generally ranged from about 1 to 100 bars, independent of seismic moment for events between
magnitudes 3.5 and 6.8 (Figure 2). Some regional variations in stress drop were tentatively
identified in the paper. Earthquakes near the San Andreas and San Jacinto fault zones were
characterized by average stress drops (1-30 bars). A notable exception was the 1948 Desert Hot
Springs earthquake (M; =6.5), which had a relatively high stress drop of 140 bars. Again,
confirmation of the regional differences in stress drop awaits higher quality recordings at smaller
epicentral distances.

Estimates of the stress drops of three M; ==5 earthquakes along the San Jacinto fault zone
near Anza have been obtained from the records of close-in (A < 20 km) strong-motion accelero-
graphs (Figure 3). These events occurred within the Anza seismic slip gap identified by Thatcher
et al (1975) and surround the seismicity gap reported by Sanders and Kanamori (1984). Hartzell
and Brune (1979) calculated a stress drop of 225 bars for the 1975 Horse Canyon event (M 4.8),
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using corner frequency measurements. Frankel (1984) used displacement pulse widths to determine
stress drops of 110 and 100 bars for the 1980 (M 5.5) and 1982 (M 4.8) events, respectively.
Stress drop calculations derived from corner frequency observations varied from the time domain
results by as much as a factor of two. Similar time domain measurements made from close-in
strong motion recordings for an M; 4.7 aftershock of the 1975 Oroville earthquake (data from
Fletcher et al, 1980) and an M; 5.0 aftershock of the 1979 Imperial Valley shock yielded stress
drops of 180 and 130 bars, respectively (Figure 4). Thus, the stress drops of the events near Anza
do not appear to be unusually high, relative to those of aftershocks in other parts of California.
However, it is not yet known whether the two aftershocks studied had representative stress drops
for their source regions or had untypically high stress drops. In this regard, Hartzell and Brune
(1977) calculated a stress drop of about 640 bars for an M; 4.3 event that occurred during the
1975 Brawley swarm in the Imperial Valley, using spectral measurements derived from records of
a single strong motion instrument. Therefore, stress drops of at least some events in the Imperial
Valley are as high as those found for earthquakes near Anza. .
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Many seismologists have suggested the use of stress drop determinations of microearth- -

quakes (M; < 3) for earthquake prediction purposes. However, recent observations of the spec-
tra and pulse widths of microearthquakes have indicated that path effects often contaminate
stress drop determinations for these small events. A general observation of microearthquake stu-
dies in California and other areas is that the corner frequencies of small earthquakes (M; < 3)
remain roughly constant as their seismic moments decrease below about 10?° dyne cm (Figure 5;
see, e.g., Archuleta et al, 1982). This observation contrasts with the finding of Thatcher and
Hanks (1973) that corner frequencies increase with decreasing seismic moment for events larger
than My 3, so that stress drops are independent of moment. There is substantial evidence that the
corner frequencies observed in microearthquake spectra are produced by severe attenuation at
shallow depths under the receiver sites (Frankel, 1982; Hanks, 1982) and are not indicators of the
rupture dimension of the source. Malin and Waller (1985) report severe attenuation at depths less
than 500m using a vertical array of seismometers placed in a borehole drilled through the Cleve-
land Hill fault zone near Oroville. Apparent corner frequencies observed in records taken from
surface seismometers were absent from the seismograms recorded by the borehole receivers. Thus
spectra of ground motions recorded by seismometers at the surface may not reflect the source
spectra of small events.

This site response problem is clearly apparent in the P-wave velocity spectra of a magnitude
2.0 event in the San Gorgonio Pass area (depth== 19 km), derived from digital recordings of the
southern California array (Figure 8). The spectrum at station RAY (hyposentral distance r==21
km) is much lower in frequency than that of station MLL which is more distant (r== 30 km; com-
pare Figures 7 and 8). This effect cannot be attributed to source directivity, since both stations
are at similar azimuths and incidence angles from the source. In fact, station GAV, 75 km from
the source, has much higher frequency content than RAY (Figure 9). Thus, attenuation near the
RAY site must be producing the apparent corner frequency of the signal at that site. Although
other sites may record higher frequency energy than RAY, this observation calls into question
whether the corner frequencies accurately represent the source spectrum. This example also points
out the inadequacy of the sampling rate used by the southern California network (50 samples per
second), since the velocity spectrum at MLL appears to be increasing up to the Nyquist frequency
of 25 hz.

The severity of path effects on microearthquake waveforms can actually be quite useful in
the determination of stress drops of earthquakes with magnitudes greater than about 3.5, whose
source durations are long enough to be separated from pulse broadening caused by path effects.
Frankel and Kanamori (1983) determined the stress drops of ten events (M, ==4) using the
waveforms of adjacent small earthquakes (M; <2.2) as empirical Green’s functions (Figure 10).
The pulse widths of these small earthquakes were generally observed to decrease to some
minimum pulse width with decreasing magnitude (Figures 11-13). Thus the pulse widths of the
smallest events were interpreted as the impulse response of that particular path between the
source region and the receiver. The waveforms of the smaller events were approximately decon-
volved from the waveforms of the larger events, to obtain an estimate of the source duration of



the larger event that was corrected for all path effects, including the site response (Figure 14).
The limited dynamic range of the network caused the waveforms for the larger events to be
clipped. This study relied on the measurement of the time between the P-wave onset and the first
zero crossing (/7) to quantify source duration.

Frankel and Kanamori (1983) found that earthquakes in southern California exhibit
significant differences in stress drop (Figures 15 and 18) and that these differences may sometimes
be indicative of impending larger shocks. The event with the highest stress drop of those studied (
event #8, 11:51 UT, 2 July 1979, M, 3.8, 860 bars) was located 10 km south of the trifurcation of
the San Jacinto fault zone (Figure 17). This earthquake was followed an hour later by an event
1.5 km away (event #7, M; 3.6) with a stress drop of only 838 bars. The M 5.5 February 1980
earthquake occurred within eight months of the high stress drop event and its hypocenter was
located about 2 km away. The large variation in stress drop between the two adjacent events in
July 1979 may imply that stress drops reflect very localized stress conditions along a fault zone
and may be useful for the identification of asperities where moderate-sized earthquakes may
nucleate. .

The other event with a stress drop significantly higher than average for this study occurred
pear the San Andreas fault about 30 km northwest of Cajon Pass, near Wrightwood (event #S8,
Figure 16). The location of this high stress drop event (350 bars) near the southern terminus of
the great 1857 earthquake should prompt further study of the source parameters of earthquakes in
this area. Stress drops of shallow earthquakes near the intersection of the Banning and Mission
Creek faults were between 40 and 70 bars, average for events in this study.

In conclusion, it is premature to evaluate the limited stress drop calculations available for
earthquakes in the vicinity of the San Andreas and San Jacinto faults in terms of earthquake
prediction. Seismic network instrumentation with reasonable sampling rates (100-200 samples/sec)
and high dynamic range are required to obtain stress drops of M >3.5 events, corrected for path
effects. The upgrade of relatively few (==20) stations of the southern California network would
provide the necessary data to judge the utility of seismic stress drop for the monitoring of tec-
tonic stress levels and the discrimination of foreshock sequences.
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.Figure Captions

Figure 1. Map of earthquakes studied by Thatcher and Hanks (1973), from their paper.

Figure 2. Log moment plotted against log corner frequency for earthquakes in southern Cali-
fornia, along with lines of constant static stress drop (from Thatcher and Hanks, 1973).
Figure 3. a) Map of Anza area with three events M; =<5, studied using records from SMA
instruments (circles; map from Frankel, 1984). Focal mechanisms from Given (1983) and
Given personal communication (1984). b) Map of Imperial Valley area showing location of
the aftershock of the 1979 shock studied by Frankel (1984). Lower map is adapted from

Hartzell and Helmberger (1982).

Figure 4. Log displacement pulse width plotted against log moment for the two events near
Anza, an aftershock of the 1975 Oroville event and an aftershock of the 1979 Imperial
Valley shock (after Frankel, 1984).

Figure 5. Log moment as a function of log corner frequency for Mammoth Lakes earthquakes
(from Archuleta et al, 1982).

Figure 6. Map of southern California showing location of earthquake in the San Gorgonio
Pass region and stations of the southern California network used for the spectral analysis.

Figure 7. P-waveform and velocity spectrum (on linear axes) at station RAY for the event in
Figure 6. '

Figure 8. Same as Figure 7, for station MLL.

Figure 9. Same as Figure 7, for station GAV.

Figure 10. Map of earthquakes M =<4 (filled circles with ID numbers) and stations (open cir-
cles), from Frankel and Kanamori (1983).

Figure 11. Waveforms of a mainshock and two small foreshocks recorded by a station of the
southern California array (from Frankel and Kanamori, 1983).

Figure 12. Half-pulse width (r/;) plotted against magnitude for mainshock #11 and its
accompanying events (from Frankel and Kanamori, 1983).

Figure 13. Same as Figure 12, for mainshock #3 and its foreshocks and aftershocks.

Figure 14. Original (open circles) and path corrected (filled circles) values of r/, from
Frankel and Kanamori (1983).

Figure 15. Stress drops of mainshocks (given by their ID numbers) from Frankel and
Kanamori (1983).

Figure 16. Map of mainshocks with their ID numbers and stress drops (in bars) from Frankel
and Kanamori (1983).

Figure 17. Map showing event #6 (11:51 UT) and event #7 (12:42 UT) and epicenter of sub-
sequent My 5.5 earthquake (from Frankel and Kanamori, 1983). Top trace in each panel
is the waveform of event #86, middle trace is for event #7 and bottom trace is the
waveform of a small event used as the empirical Green’s function.
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THATCHER AND HANES: SourHERN CALINORNIA EARTHQUAKES
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THEATCHER AND BANXS: SoUTHERN CALIFORNIA EARTHQUAXES
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n 20.0 5.0 2.0 0.5
(-] | ] T [} - 27.0
25.0
3 -
5 S
- w
hed b3
o &
‘ b d
ad
N 230,
< &
w
© 8
3 -
210
[ ] i 1 [
o2 -o.J? ~0.4 ~0.0 0.4 0.8

LOG Fo

Fig. 6. Representation of Qr—fo for all southern California earthquakes studied in this
paper. The obeerved spectral quantities are shown scaled to source dimension 2r and seismic
moment by using Brune’s [1970] theory. Open circles represent earthquakes in offshore prov-
ince and San Andreas fault; solid circles, in Transverse Ranges; squares, in Kern county;
crosses, in other southern California locations.

FIGURE 2

From: Thatcher and Hanks (1973)
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APPENDIX B. 1.

Council letter to Director, U.S. Geological Survey
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Lamont-Doherty Geological Observatory I Palisades, N.Y. 10964
of Columbia University
Cable: LAMONTGEO Telephone: C::de 14, 355-2900
Paiisades New York State

TWX-710-576-2653

10 July 1985

Dr. Dallas Peck

Dira~ctor

U.S. Geological Survey

MS 106, National Center
12201 Sunrise Valley Drive
Reston, Virginia 22092

Dear Dallas,

I am writing to you about the results of the meeting of the National Earthquake
Prediction Evaluation Council (NEPEC) of March 29 and 30, 1985. Most of that
meeting was devoted to a review, discussion and synthesis on the San Andreas
and San Jacinto faults in southern California. The Council heard 14 invited
presentations on various aspects of those two faults, an update on Parkfield
and a review by Thatcher of a special studies area workshop held by the USGS in
San Diego from February 28 to March 2, 1985. That workshop's goal was to
identify and reach a consensus of specific segments of those two fault zones
appropriate for detailed earthquake prediction studies. Copies of the presen-
tations at that workshop were made available to NEPEC members. The NEPEC
meeting was also preceded by the semi-annual review of data from southern Cali-,
fornia, which several NEPEC members attended.

The minutes of the March meeting are being sent separately to you along with
copies of the technical presentations and figures. Those presentations, the
papers presented at the workshop and the minutes of the March meeting will be
incluided in an open-file report. The Council agreed to meet in July to discuss
methodologies for identifying intermediate and short term precursory effects of
earthquakes with emphasis on Parkfield.

Dr. John Filson had asked the Council at an earlier meeting to consider sending
your office advice about updating or modifying letters that were sent to the
State of California in 1976, 1980 and 1981 about the earthquake hazard situ-
ation in southern California. The information stated below is our assessment
of that situation for southern California, particularly for the two faults that
we reviewed. Since there is a great deal of new information available for
those two faults, the Council believes that it is appropriate to recommend that
a revised statement be issued by your office on southern California. The
Council was also notified that an update of such a statement on a yearly basis
would be welcome and desirable.
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It is clear that there have been several major advances in our understanding of
the earthquake hazard related to the San Andreas and San Jacinto faults in
southern California. Geological excadvations or trenching have been carried out
at several places along the San Andreas fault in southern California. Those
data have been particularly important in extending back the short record of
historic earthquakes (about 100 to 200 years) to periods of several hundreds to
2000 years. Prehistoric earthquakes have been recognized in several exca-
vations. While the studies are still in their infancy and much work remains to
be done, the data already permit approximate repeat times of large shocks to be
calculated for a few places and for long~term slip rates to be measured for
several segments of the San Andreas fault in southern California.

A very important result from analyses of prehistoric and historic large shocks
is that repeat times, average displacements and magnitudes for several segments
of faults a few tens of kilometers long appear to be very similar from one
large shock to another. 1In contrast, repeat times and other properties of
large or great earthquakes vary considerably from one segment of the San
Andreas fault to another. For example, the largest shocks that break the Park-
field segment have been accompanied by displacements of 0.5 to 1 m and occur
about every 21 years. In contrast, at Wallace Creek in the Carrizo Plain the
past three largest displacement events have been about 10 m.

Preliminary excavations along the ‘southernmost San Andreas fault between Palm
Springs and the Salton Sea indicate that the chance that that segment could
break in a large earthquake is greater than had been previously thought. That
segment, which shows abundant Quaternary evidence of faulting, has not broken
historically. The Council heard evidence that a shock on that segment probably
would have not been recorded if it had occurred before 1845. Preliminary
trenching data indicate repeat times of the order of 150 years. It should be
remembered that the date that segment last ruptured is not known nor are repeat
times known to better than several decades.

Three groups have now made independent estimates of the probabilities of large
earthquakes breaking various parts of the San Andreas fault in southern Cali-
fornia during the next few decades. Qualitatively the estimates show remark-
able similarity for most of the segments examined. The uncertainty of these
probability estimates ranges from being relatively small for Parkfield to very
uncertain for segments such as that near San Gorgonio Pass. Average repeat
times of about 150 years appear to characterize the 40-km segment of the San
Andreas to the south of Cholame, the segment of the San Andreas between Tejon
and Cajon passes and (as mentioned above) that segment from Palm Springs to the
Salton Sea. The first two segments broke in the Fort Tejon earthquake of 1857
while the latter segment probably has not broken since at least 1845. It is
reasonable to assume we are in a period, albeit one spanning several decades,
in which major earthquakes are more likely to occur along those three segments
than, say, in the period 1870-1970.

In constrast, the segment of the San Andreas fault in the Carrizo Plain appears
to have a low probability of rupturing in a great earthquake during the next
few decades. Between Cajon Pass and Palm Springs the San Andreas fault is
extremely complicated and has several major branches. Analysis of historic
data indicates that it probably has not ruptured since at least 1790. It may



169

have last brokem in a great (magnitude near 8) earthquake about 1710. Our
knowledge of prehistoric earthquakes in that area and of repeat times of large
or great shocks is almost non-existent. Tentative estimates would give it a
moderate probability of rupturing in a large or great earthquake during the
next few decades. '

The northern half of the Sam Jacinto fault, particularly those segments near
Anza and at the fault's northern end, have moderate to high probabilities of
rupturing in earthquakes of magnitude 6 1/2 to 7 during the next few decades.
Our knowledge of the long-term slip rate along those segments of the San
Jacinto faults is quite poor as are estimates of repeat times of large shocks.

In reviewing the San Andreas and San Jacinto faults the Council was well aware
that major and damaging earthquakes in southern California have occurred on
other faults as well. We chose the above two faults for our initial comsider-
ation since they have some of the largest rates of long-term movement. Earth-
quakes as large as magnitude 6.5 can occur on a great number of faults in
southern California; a few shocks of that type can be expected during the next
few decades. Major faults like the Garlock and Sierran frontal faults, which
were not reviewed in March, have lower rates of long-term slip than the San
Andreas but could also be sites of future large earthquakes.

Seismicity in southern California has shown no dramatic changes during the last
several months. The general level of intermediate-size earthquakes (magnitude
5 and above) compared to the period 1953-1978, remains high.

While the greatest progress to date in earthquake prediction has been for
longer time scales, i.e., one to a few decades, a focussing of our efforts in
those areas that have higher probabilities should permit us to obtain more data
on intermediate and short-term precursory effects.

The designation Long-Term Earthquake Potential is appropriate for a number of
the segments discussed above or for southern California in general. The
designation Long-Term Prediction (for which a time window of a few years to a
few decades is used by the Council) is applicable to the Parkfield segment.
The Council found no definite evidence that other segments of the San Andreas
and San Jacinto faults should be put in that category. That statement probably
reflects our poor state of knowledge of those segments and should not be con-
strued as indicating the earthquake risk is low.

Our knowledge of various segments of the San Andreas and San Jacinto faults in
southern California is evolving rapidly. Geological data such as those from
trenching and various types of geophysical monitoring need to be expanded
greatly for several of the above fault segments if we are to have a reasonable
chance of either obtaining data on intermediate or short term precursors or of
making predictions on those time scales. '

In the light of these observations, we see no reason to alter the earthquake
hazard situation in southern California that was portrayed in letters to the
State in 1980 and 1981. However, in light of the new terminology adopted by
the U.S. Geological Survey for geologic hazards, the situation does not meet
the criteria for a Hazard Warning. We recommend, therefore, that the assess-
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ment presented above be formally passed to the State of California as infor-
mation regarding a hazardous condition (long-term earthquake potential) as
provided for under U.S.G.S. procedures. .

You may wish to include the following summary points in a letter to the State
of California:

. Considerable progress has been made in the last few years in long-range
prediction and in estimates of long-term earthquake potential, i.e., for
time scales of one to a few decades.

o Probabilistic estimates of the likelihood of large earthquakes during the
next few decades along various parts of the San Andreas fault in southern
California made by 3 different groups are in substantial agreement for many
parts of the fault.

. Three segments of the San Andreas fault in southern California have average
repeat times of about 125 to 175 years, have not ruptured in large earth-
quakes in more than 128 years and have moderate to high probabilities «7
being sites of large earthquakes during the next few decades. These a:e
the 40-km zone south of Cholame, that between Tejon and Cajon passes and
the segment between Palm Springs and the Salton Sea. New data indicate
that the latter segment, which has not broken historically, has a higher
potential than previously thought.

. The northern half of the San Jacinto fault, especially segments near Anza
and at its northern end near San Bernadino and Riverside, has a moderate to
high probability of rupturing in shocks of magnitude 6 1/2 to 7 during the
next few decades.

. The Parkfield segment of the San Andreas fault has a high probability of
rupturing in an eveat of magnitude near 6, similar to that of 1966, within
*4 years of 1988. That estimate is considered by NEPEC to be a Long-Term
Prediction, i.e., one in which the expected time window for occurrence is a
few years to a few decades.

. The segment of the San Andreas fault in the Carrizo Plain appears to have a
low probability of rupturing in a large earthquake like that of 1857 during
the next few decades. Estimates of repeat times of large shocks and proba-
bilities for the complex section of the San Andreas fault system between
Cajon Pass (San Bernadino) and Palm Springs are very uncertain. Tentative
estimates indicate that it has a moderate probability of rupturing within
the next few decades.

. Since the last major breakage of the San Andreas fault in southern Cali-
fornia occurred in 1857, it 1is reasonable to assume that we are in a
period, albeit one spanning several decades, when another major earthquake
is more likely tham, say, in the period 1870-1970.

. Earthquakes of magnitude up to 6 1/2 have occurred in the past and can be
expected to occur in the future along many faults in southern Califormia
other than along major throughgoing faults like the San Andreas. ~ A few
other major faults with long-term slip rates less than that of the San
Andreas fault could alsoc be sites of major earthquakes during the next few
decades.

. The general level of intermediate~size earthquakes (magnitude 5 and above),
in southern California, compared to the period 1953-1978, remains high.

. In light of these observations, the earthquake hazard for southern
California is considered to be high (as it was in previous communications

A ]
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to the State of California). The probability is moderate to high that a
large to great (magnitude 7.5 to 8) earthquake will occur in southern Cali-
fornia during the next 30 years. : .

. It should be noted that the U.S. Geological Survey changed its terminology
for Geological Hazards Warning in 1984. 1In statements issued in 1980 and
1981 southern California was considered to be in a Hazard Watch State, the
second of three categories of hazard information used prior to 1984.

+ The earthquake hazard in California for the next decade is high enough that
a greater effort needs to be devoted to earthquake monitoring, prediction
and preparedness. A designation like "Region of Intensive Observation"
would seem appropriate for several parts of southern California.

Sincerely yours,

Lynn R. Sykes
Chairman, National Earthquake Prediction

Evaluation Council

LRS/11lm
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APPENDIX 8. 2.

U.S. Geological Survey Statement to California Office
of Emergency Services
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United States Department of the Interior

GEOLOGICAL SURVEY
RESTON, VA. 22092

OFFICE OF THE DIRECTOR

In Reply Refer To: APR 41985

WGS-Mail Stop 106

Mr. William M. Medigovich

Director, California Office of
Emergency Services

P.0. Box 9577

2300 Meadowview Road

Sacramento, California 95823

Dear Mr. Medigovich:

This letter is to review the earthquake hazard situation in the Parkfield,
California, region. The results of geological investigations in the
region, which were recently reviewed by the National Earthquake Prediction
Evaluation Council (NEPEC), indicate that there is a high probability of an
earthquake of about magnitude 6 within the next several years in the
Parkfield region. We do not consider that the evidence and evaluation
warrant issuance of a "geologic hazard warning" by the U.S. Geological
Survey (USGS) at this time (see definitions as published in Federal
Register, January 31, 1984, enclosed), but the following information may be
of use to State and local officials in hazard mitigation or emergency
response planning.

Specifically, the results of our studies as concurred in by NEPEC indicate
three essential points.

1. There is evidence that earthquakes have occurred on the
San Andreas fault in central California near Parkfield in 1857,
1881, 1901, 1922, 1934, and 1966, or about every 22 years.

2. The last three of these earthquakes were all similar, leading to
the hypothesis of a characteristic magnitude 6 Parkfield
earthquake with recurring features.

3. There is a high probability that another magnitude 6 earthquake
will occur on the San Andreas fault near Parkfield in the next
several years. Statistical calculations indicate there is a 95
percent probability that this earthquake will occur in the
1985-1993 interval. The model on which these statistics are based
is developed in reports by W. H. Bakun of the USGS, one written
with A. G. Lindh of the USGS and another with T. V. McEvilly of
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the University of California.. Copies of these reports are
enclosed. NEPEC concluded that these findings constitute a
long-term prediction, a term taken to include a specific place and
a time interval of a few years to a few decades for occurrence of
L an earthquake.
It is our understanding that the California Earthquake Prediction
Evaluation Council has reviewed the Parkfield studies and endorses the
points made above. .

The last damaging Parkfield earthquake on June 28, 1966, was slightly less
than magnitude 6 and caused only minor damage. If a larger earthquake were
to occur, damage would be sustained over a wider area. There is some
geological evidence that an earthquake larger than magnitude 6 is possible
in the Parkfield area, with the fault breaking up to 25 miles further south
than it did in 1966. The significance of this evidence is more equivocal
and additional study and review of it are needed.

The USGS has been conducting an experiment in the area in an attempt to
detect instrumentally the premonitory features of the earthquake before it
occurs. We stress, however, that both the anticipated earthquake and
perhaps a lTarger event could occur without the detection of any clear
premonitory features. We shall continue our efforts and will notify your
office immediately if conditions so warrant and of any changes in our
assessment of the situation. The USGS remains available to explain its
research and findings to State, county, and local officials.

Sincerely yours,

Director

Enclosures
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APPENDIX B. 3.

U.S. Geological Survey Press Release



United States
Department of the Interior
Geological Survey, National Center

Reston, Virginia 22092

Public Affairs Office Donovan Kelly (703) 860-7444
For release: April 5, 1985

STUDIES FORECASTING MODERATE EARTHQUAKE NEAR PARKFIELD, CALIF.,
RECEIVE OFFICIAL ENDORSEMENT .

The forecast that an earthquake of magnitude 5.5 to 6 is likely to
occur in the Parkfield, Calif., area within the next several years (1985-
1993) has been reviewed and accepted by state and federal evaluation panels
according to an announcement today (April 5, 1985) by the U.S. Geological
Survey.

A letter summarizing the results of the scientific review of the
Parkfield forecast was sent to Mr. William Medigovich, Director of the
California Office of Emergency Services, by Dr. Dallas Peck, Director of
the U.S. Geological Survey.

Parkfield has been the site of a USGS earthquake prediction experiment
that is using sophisticated distance measuring devices and other monitoring
equipment in an attempt to determine and monitor signals that might presage
an earthquake.

The research that led to today®s statement has been carried out by
William H. Bakuan and Allan G. Lindh of the U.S. Geological Survey and
Thomas V. McEvilly of the University of California. Their conclusions are
based on analyses of reports of earthquakes in the Parkfield area in 1857,
1881, and 1901 and seismograph records of evepts near Parkfield in 1922,
1935, and 1966. The average interval between these events is 22 years and
statistical analyses indicate a high probability (over 90 percent) of
another earthquake in the region within the 1985-1993 interval. The
seismograph records of the last three Parkfield earthquakes are very
similar, leading to the hypothesis of a characteristic earthquake in the
Parkfield region of about magnitude 6 on the Richter Scale.

Parkfield lies along the San Andreas fault in a sparsely populated
region about 170 miles south of San Francisco and 180 miles north of Los
Angeles. An earthquake of magnitude 6 is of moderate size, at the .
threshold of being able to cause modest damage to some structures that have
not been designed for earthquake resistance.

The last characteristic Parkfield earthquake occurred on June 28,
1966, registered a magnitude slightly less than 6, and caused only minor
damage to wood—-frame houses in the region.

(more)

EARTH SCIENCE IN THE PUBLIC SERVICE
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The results of the Parkfield studies by Bakun, Lindh, and McEvilly have
recently been reviewed and endorsed by the National Earthquake Prediction
Evaluation Council and the California Earthquake Prediction Evaluation
Council. These bodies advise federal and state officials respectively on
the validity of statements and studies regarding the occurrence of future
earthquakes. The national council concluded that the findings at Parkfield
constitute a long-term prediction, a term adopted by both councils to
describe a statement on the occurrence of an earthquake at a specific place
and within a time interval of a few years to a few decades.

In their evaluation of the research, the two prediction review panels
said that the potential exists for the next earthquake in the Parkfield
region to be larger than the 1966 shock, and for the fault rupture to extend
southeast into the adjacent 25-mile segment of the San Andreas fault. Both
panels agreed, however, that the evidence for this larger earthquake was
speculative and required additional data and review.

Under a program of earthquake prediction research, the U.S. Geological
Survey maintains an array of sensitive geophysical monitoring instruments in
the Parkfield region in an attempt to predict the occurrence of the expected
earthquake more precisely. The California Division of Mines and Geology
also maintains a large number of instruments to measure the effects of the
earthquake.

The California Office of Emergency Services has reviewed the evaluation
with local officials and will take coordinated action should the extensive
monitoring equipment arrayed throughout the Parkfield region indicate that
the anticipated earthquake is imminent.

% % % USGS * * *
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APPENDIX C. 1.

1976 letter to Alex Cunningham, Director, Office of
Emergency Services, California



Wt <
United States Department of the Faterior *

"~ GEOLOGICAL SURVEY ’
RESTON, VIRGINIA 22092

AR 3 197

Konorable Edzund 6. Browm, Jr.
Covernor of California
Sacreaxento, Califormia 95314

Dear Gwemr Brcm:

‘Receat {avestigations by the €zological Survay fedicata that thore s
increasing cause for coacera over tha possibil{ty of a major carthguake
in the Los Angales area. Tha land sufaca aleng the Soa Androas fault
north of Los Angales bas risea by alrsst a foot ever tia lest 15 yoars,
trith the caximum eplift reaching about 10 fnchos in tha vicicity of
Palndala. This ﬂndiay w3 announced {a 3 pross rolezse of tha Boport-
e2nt of Interior ca February 13, 1976, a copy of vhich s cnslesed,
and wvas dascribed {a many Califomh peuwspapers sooa thereaftor,

Sera earthquakes are known to have been precaded By wlift, {rcludieg
the 1971 San Ferrands, Califoraia, quaka end tha 1964 Hifpata, dapan,
quake. The cccurrence of an wplift doos mat mccossarily portend a
great shock, howover, and there {3 som2 evidanca that an gplift my
have occurved {n the regfca of tha present uplift arcued 1900 without
- a subsequent earthguake.

The regica of th2 wlift last ¢ quzﬁamd a mjor exrthqeako of cag-
nitude greater than 8 {a 1857. Through tals century, ke ccsticn of tha
San Andreas fault north of Los Angeles has beca ssisoically quiet end
is ona of the *locked® or tly iaactive secticas of the fault.
thile this part of tha fault has been lcckad, adjacent parts kave been
roving by cresp or active faulting to seccazsdats, at least ia part,
the goneral covement of tha Pecific plate on tha west sida of the Saa
Andreas fault past th2 Korth Axsricon plata en the cast side., Thera i3
Tittle doudt, therefore, that strain orergy has accu—ulated. The
earthquakas nrear Bakorsfield fa 1952 aad San Fersands fa 197 =y ba
frdicatfons that the stress im the regicn {s agpw.ahiag tha. loval "for
mfor faflure.

I balieve $¢ would ko kolpful 1f v2, togathor with a few pobers of
cur staffs, could mait to discuss the ner observaticns end eur plams
for further stodies. This might essist you 1a dectding what é:fezxsm
actions micht be taken to prepare for such an event in wys that are
effactive but not disruptive.,

Let’s Clean Up America For Our 200th Birthday
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Of equal importance 1s the need for us to discuss procedures for com-
runication of information should additional anomalies be obscrved.
This could {nclude the issuance of an carthquake prediction. In the
enclosed Geological Survey Circular 729, 1 have described how I am

- proposing to disseminate earthquake prediction information. The diagram

on page 11 shows our {ntantion to send {nformation about California
earthquakes- to your offica. It would be very holpful to me to get your
reaction to this plan first hand and to have your suggestions for changes.

1 will be in California for a visit to Stanford University on Harch 18
and 19. I could mcet with you on March 17 1f you so desire. If another
data would be prefarable, I will be pleased to try to adjust my gchedule.
Sincerely yours,
: G‘-:g ' \A&Q(’%

Diractor ]
V. E. ¥cRelvey

Enclosures
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APPENDIX C. 2.

1980 letter to Alex Cunningham, Director, Office of
Emergency Services, California
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United States Department of the Interior

GEOLOGICAL SURVEY
RESTON, VA. 22092

In Reply Refer To:

EGS-Mail Stop 720 JUL 3 1980

Mr, Alex R. Cunningham

Director, Department of Emergency Services
Post Office Box 9577

Sacramento, California 95814

Dear Mr. Cunningham:

In March 1976, we wrote to Governor Edmund G. Brown, Jr. expressing our increased
concern over the possibility of a major earthquake in the Los Angeles area (copy of
letter enclosed). The cause of our concern at that time was the uplift of the land area
along the San Andreas fault in southern California during the period 1961-1974.
Although the uplift was centered in the vicinity of Palmdale, a broad region of southern
California increased in elevation 10-15 inches, The total area affected was 32,000
square miles, Analyses of data from surveys taken since 1974 indicate that by 1978 the
uplift had subsided rapidly to approximately one-third of its pre-1974 amplitude.

Our March 1976 letter to Governor Brown was sent prior to the development of our
current Geologic Hazard Warning and Preparedness procedures. Under our current
procedures, our March 1976 notification of the southern California uplift would be
described as a Hazard Watch. A Hazard Watch is the second of three levels of hazard
information; it gives notification "that a potential catastrophic event of a generally.
predictable magnitude may occur within an indefinite time (possibly months or years)."
Thus, this letter is essentially an update of an existing Hazard Watch for southern
California. -

The reduction of the uplift and additional recent geophysical observations indicate that
changes or adjustments are continuing within the Earth's crust in southern California.
Geological investigations undertaken since 1976 have yielded estimates of the dates of
previous large earthquakes associated with movement along the San Andreas fault in
this region, Due to these additional observations and studies, our concern over the
possibility of a major earthquake in California is greater now than in 1976.

Below, we outline briefly the causes of our increased concern:

o In 1857 the San Andreas fault broke for some 200 miles, from Cholame to just
north of San Bernardino, giving rise to an earthquake of estimated rmagnitude 8.3.
Detailed geologic studies of the fault along this zone of historical breakage
indicate that events similar to the 1857 earthquake have occurred at intervals
from 100-230 years and on the average every 140 years. Since the last major
breakage of the San Andreas fault in this region was in 1857, it is reasonable to
assume that we are in a period, albeit one spanning several-decades, when another
major earthquake is more likely than, say, in the period 1860-1960.

o For the past 8 years, we have been making regular geodetic surveys in southern
California to cbserve patterns of strain in the Earth's uppermost crust. Initially,
these surveys indicated that the uppermost crust in southern California was in a
general state of increasing north-south compression. Given the geometry of the
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region, this strain pattern tended to push the sides of the fault 'together and this,
in a simple model, might reduce the likelihood of slippage or breakage along the
fault., Beginning in 1979, we observed a dramatic change in the crustal strain
pattern. The magnitude of the strain rate increased to about three or four times
that previously observed, and its orientation was such that the crust in southern
California was being subjected to east-west tension. Our model indicates that the
San Andreas would be more likely to fail under these conditions than under north-
south compression. Early results from surveys conducted this spring show that the
strain condition is returning to the pre-1979 pattern; nevertheless, the magnitude
of the recent strain changes, greater than any observed in the previous 6 years,
are disconc~rting.

o Over the last year, we have observed increases in the quantity of radon in the
ground water of certain wells in southern California. Similar increases have been
‘Sbserved prior to earthquakes in Japan and the Soviet Union. (Many rocks,
particularly granites, contain trace amounts of radioactive elements. As these
elements decay, they give off harmless quantities of radon, a radioactive gas with
a short half-life. Because of its radioactive nature, this gas can be detected in
minute quantities in ground water.)

o The level of seismicity in the State has also recently increased. During the past
10 months, there have been 11 earthquakes of magnitude exceeding 5.5 in the
region; this is about twice the total of similar events in the previous 6 years.
Although the previous 6 years may have been abnormally quiescent, the recent
seismicity may indicate an increase in regional crustal stress.

We shall continue to intensify our observational efforts in southern California, and we
intend to conduct periodic reviews of these observations and their significance. The
reviews will be made by the U.S. Geological Survey (USGS) scientists, scientists under
contract to the USGS and the National Earthquake Prediction Evaluation Council if
appropriate. We shall keep you informed of the results of these reviews and any new
developments. ) '

We hope this information js useful to-you, and we look forward to working with you
toward the reduction of earthquake hazards in California. We shall be happy to receive
your comments or questions resulting from this letter.

Sincerely yours,

WU Meward

H. William Menard
Director

Enclosure

Copy to: Honorable Edmund G. Brown, Governor of California
State Geologist, California '
Dr. Charles C. Thiel, Federal Emergency Management Agency,
Washington, D.C.
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APPENDIX C. 3.

1981 letter to Alex Cunningham, Director, Office of
Emergency Services, California
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OFFICE OF THE DIRECTOR

Mr. Alex:R. Cunningham

Director, Office of Emergency Services
Post Office Box 9577 -
Sacramento, California 95418

October 9, 1?81

Dear Mr. Cunningham:

On July 3, 1980, we wrote to you to review the earthquake hazard situation in southern
California and to notify you that, under our current Hazard Warning procedures, we
considered the region to be in a Hazard Watch state. A Hazard Watch is the second of three
levels of hazard information formally issued by the U.S. Geological Survey; it gives
notification "that a potential catastrophic event of generally predictable magnitude may
occur within an indefinite time (possibly months or years)."

In that letter, we cited the observations of rapid crustal strain variation, increases in
radon in ground water, and an increase in the level of seismicity as the basis of our
concern; this concern was reinforced by new data on the recurrence interval of large
earthquakes on the southern San Andreas fault. We also indicated that we would review the
situation periodically and keep you informed of new developments.

--The purpose of this letter 1s to meet this latter commitment.
™e salient features of our most recent observations are summarized briefly below:

The radon content of certain water wells in southern California continues to show
strong variations. Wells near Lake Hughes and Lytle Creek show marked increases while
six others show no strong, recent trend. and one indicates a marked decrease.
Measurements of soil radon show a general increase in the region during the past
several months.

* We have received several reports of changes in the water-table level near San
Bernardino and renewed spring activity along the San Andreas fault near Palmdale. We
are in the process of confirming and making further determinations on these and other
reports related to unusual water flow or level.

* Seismicity in southern California has shown no dramatic changes during the last several
months., Small clusters of earthquakes have occurred near San Bernardino and Bombay
Beach, but these are not particularly unusual. ‘The general level of intermediate-size
ear:hquakes (magnitude 5 and above), compared with tlie perxod IQZJNAQJS, remains high.
Begxnnxng about the summer of 1978, we observed a marked increase in the seismicity in
southern California that was recently sustaxned by a magnxtude 5.5 earthquake just off
the coast on September 4, 1981. - .

In the light of these observations, we see no reason to alter our Hazard Watch notification

for southern California. We plan to hold a meeting in early November to review and discuss

the most recent geophysical and geochemical observations in southern California. We shall
ontact you shortly with information on the date and location of this meeting. We look
)rward to reviewing our data more fully with you at that time.

Sincerely yours,
Dallas L. Peck, Director

Copy to: State Geologist, California
Ugo Morelli, Federal Emergency Management Agency, Washington, D.C.

¢ - - .- .
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APPENDIX D.

Proceedings of Southern California Special Study Areas
Workshop, San Diego, California, February 28-March 2, 1985
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REPORT ON SOUTHERN CALIFORNIA SPECIAL STUDY AREAS WORKSHOP

San Diego, California
28 February - 2 March 1985

Wayne Thatcher and Bill Ellsworth
U.S. Geological Survey
Menlo Park, California

The goal of the workshop was to identify specifice 30-kd-long
segments of the southern San Andreas and San Jacinto fault zones
appropriate for detailed earthquake prediction studies.

The attached agenda, program, extended abstracts and post-
meeting comments of nine workshop participants are included here.
They provide some flavor of the informal proceedings and of the
range of opinions of the participants,

There was considerable unanimity on the need to focus efforts
in selected regions of southern California. While the Parkfield
prediction experiment provides the best conceptual model for such
focussed studies, there was a widespread sentiment that experi-
ments had to be tailored to take account of the geological and
geophysical characteristics of each region to be studied. For
example, given a 150-km-long fault zone with high seismic
potential, several years of intensified seismic and geodetic
measurements throughout this zone would be needed to establish
criteria for selecting a 30~-km-long segment for detailed monitor-
ing. Nonetheless, the necessity of addressing the high seismic
risk of southern California with clustered monitoring efforts was
clearly recognized, and there was wide if perhaps not unanimous
agreement on where these studies should be located: the Anza slip
gap on the nothern San Jacinto fault, the southernmost end of the
San Andreas fault near the Salton Sea, and the complex junction
zone of the San Andreas and San Jacinto faults near Cajon Pass.
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WORKSHOP ON

SPECIAL STUDY AREAS IN SOUTHERN CALIFORNIA

Southern San Andreas fault - Tejon Pass to San Bernardino
Central San Andreas fault - Parkfield to Tejon Pass

Specigl studies along segments of the San Andreas fault between Parkfield and

San Bernardino should consider four primary approaches, a discussion of which

follows:

Regional Outlook ~- If the large southern California earthquakes of 1857,
1872, 1927 and 1952 were to recur today, it is quite possible that we
would predict only the 1857 event. The other events were located in areas
avway from the San Andreas fault where our monitoring equipment is
currently sparse. More than a decade of effort clearly shows that there
are more than 95 active faults in the Los Angeles Basin. A M6.5
earthquake on a fault system such as the Newport-Inglewood could have as
large an impact on Los Angeles ;s an M8 earthquake on the San Andreas
fault, located about 30 miles to the northeast. Consideration, therefore,
should be given to a regional monitoring scheme that includes the San
Andreas and San Jacinto faults and other structures as well. Detecting
earthquake precursors is not easy and if we are not to miss a major
earthquake, selective equipment upgrading should be done throughout

iou:hern'California.

Studies should be geared to maintaining a regional perspective in order to

gain a comprehensive picture of the earthquake process and the inter-
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relationship of individual segments of the San Andreas system. Greater
understanding of the slip rates of individual fault segments and of the
variation of those rates with time (uniform(?)) are necessary in order to
understand the long-term behavior of the San Andreas fault and major
changes between active and "inactive" segments 1In addition, they provide
important data on the kinematic character of multiple segments of fault
systems for forecast modelling such as time - dependent and instability
mﬁdels. A regional approach also provides greater latitude for developing
new, innovative instruments, and would allow us to coordinate experiments

that employ these instruments.

Pre~ or syn- cluster developmental program -- In order to best determine
where instrument clusters should be installed, a developmental program
should be initiated to address specific problems and to formulate models
of how data should be collected. Of particular importance, is the
continuation of geologic mapping and trenching of the type being done by
Kerry Sieh, John Matti, Joe Ziony, and others to accurately map geologic
units and the structural framework, to determine the chronologic history
of fault activity, to establish local and regional fault slip rates, and
to calculate earthquake recurrence intervals Groups of people should be
identified for coordinated pre- and syn~ cluster studies. From the
standpoint of political support. it should be kept in mind that Congress
associates an augmented earthquake prediction program with increased
monitoring focused on areas of high seismic potential. The program
design, therefore, should include the simultaneous development of clusters

and pre-cluster investigations.
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Problems to be addressed include:

a.

Determination of the long-term tectonic behavior of the San Andreas
fault. From Cholame to Tejon Pass M8 events occur about every
250-450 years, with surface offsets on-the order of 7m. Between
Tejon Pass and Cajon Pass, on the other hand, there is about 145
years between M8 events and these are associated with surface offsets
of about 3.5m. The entire interval, however, is believed to have a
relatively uniform fault slip rate of 35mm/yr and there are no
obvious gross differences in surface geology or in strain levels at
the Garlock fault (Tejon Pass) where the seismic character of the
fault changes. What, then, are the reasons for these changes? And
wvhat are the coupling mechanisms between segments that allow ruptures

to propagate long distances during great earthquakes?

Between Parkfield and San Bernardino do fault ruptures begin in

generally simpf@ or complex areas?

Creep is occurring on the southern San Andreas fault from Thousand
Palms to Bombay Beach (on the Salton Sea). Apparently, there is no
current seismicity along this stretch of the fault. Why is this
segment of the creeping fault aseismic while the central California
creeping segment displays relatively abundant low-magnitude

seismicity?



191

d. What mechanisms control how fault segments interact and how is total
fault slip accommodated by tangential or en echelon systems? Why do

events migrate and what controls the migration rate?

e. What effects do secondary structures and seismicity have on the

occurrence, size, and nucleation point of major earthquakes?
f. Are premonitory signals present in our micro-earthquakes?

g If the crust is locked at depths shallower than 20-25KM from Tejon
Pass to Cajon Pass as geodetic data suggest, then it seems that prior
to a large event the lower part of this zone must break (because
recent earthquakes do not involve a thickness as large as 25KM).

What experiments might we initiate to detect this premonitory

rupture?

h. How do we determine that part of the strain budget that is

accommodated by folding and minor fracturing as compared to faulting?

Ingtrumentation at Parkfield -- The current monitoring network at
Parkfield is insufficient and should be augmented before a major effort is
made to add new clusters in southern Califormia. Our achievements at
Parkfield may well determine our ability to secure new funding for an
operational prediction network for southern Ca.ifornia. What we learn at
Parkfield may not be transferable to southern California but it should
provide a good physical model that assists our research in network

deployment strategy. Sufficient instrumentation at Parkfield is also
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important to be able to properly evaluate the likelihood of a "run-on" of
the expected Parkfield earthquake for 20 or so miles to the southeast,

possibly producing an earthquake as large as M7

Suggested cluster sites -- Sites of concentrated monitoring in southern
California probably should not be developed as replicates of the Parkfield
qluster. Each new site will be tectonically and seismologically unique
and so monitoring must be tailored to the physical characteristics and the

logistical realities of the site.

The suggested sites are listed in the order in which they were mentioned

most frequently, beginning with those mentioned the most.

a. Cajon Pass
The region from Pallet Creek to Cajon Pass was considered by many to
be one of the strongest candidates for a cluster. It is the location
vhere the fault rupture associated with the 1857 earthquake
terminated and it marks a transition from a generally simple to
complex segments of the San Andreas fault. It is, of course, the
junction of the San Andreas and the San Jacinto fault systems and the
seismicity increases south of the pass Recent movement on the San
Jacinto fault may have produced sinuous bulges on the San Andreas
fault, thus affecting the seismic potential at this location In
terms of monitoring, we already have a baseline of data from the 2-
color laser operations at nearby Pearblossum. In addition, downhole
experiments and the development of a deep earth observatory in the

Cajon Pass drill hole will provide data valuable for a more
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comprehensive evaluation of the tectonic and seismologic

environment.

b. Cholame area. southeast of Parkfield
The concern of a run-on of the next Parkfield earthquake argues chat
the area where the potential fault rupture will occur be adequately
instrumented. The same area could possibly be the nucleation point
of a repeat of the 1857 earthquake as well and so instrumentation

should be increased in an effort to detect precursors.

c. Tejon Pass
The seismic and tectonic character of the San Andreas fault change
across the Garlock fault. How do these changes affect earthquake
potential on the San Andreas and how dangerous is the Garlock fault
and the Big Pine fault? The intersection of major faults and the
change in seismic character support the installation of a cluster

between Tejon Pass and Lake Hughes.

d. Mojave
A cluster on a relatively simple stretch of the San Andreas fault may
provide valuable data that can be applied to a better understanding

of earthquake generation on more complex segments of the fault.

WS-SCALIF 3/13/85



